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Abstract

Mutations create genetic variation for other evolutionary forces to operate on and cause
numerous genetic diseases. Nevertheless, how de novo mutations arise remains poorly
understood. Progress in the area is hindered by the fact that error rates of conventional
sequencing technologies (1 in 100 or 1,000 base pairs) are several orders of magnitude
higher than de novo mutation rates (1 in 10,000,000 or 100,000,000 base pairs per genera-
tion). Moreover, previous analyses of germline de novo mutations examined pedigrees (and
not germ cells) and thus were likely affected by selection. Here, we applied highly accurate
duplex sequencing to detect low-frequency, de novo mutations in mitochondrial DNA
(mtDNA) directly from oocytes and from somatic tissues (brain and muscle) of 36 mice from
two independent pedigrees. We found mtDNA mutation frequencies 2- to 3-fold higher in
10-month-old than in 1-month-old mice, demonstrating mutation accumulation during the
period of only 9 mo. Mutation frequencies and patterns differed between germline and
somatic tissues and among mtDNA regions, suggestive of distinct mutagenesis mecha-
nisms. Additionally, we discovered a more pronounced genetic drift of mitochondrial genetic
variants in the germline of older versus younger mice, arguing for mtDNA turnover during
oocyte meiotic arrest. Our study deciphered for the first time the intricacies of germline de
novo mutagenesis using duplex sequencing directly in oocytes, which provided unprece-
dented resolution and minimized selection effects present in pedigree studies. Moreover,
our work provides important information about the origins and accumulation of mutations
with aging/maturation and has implications for delayed reproduction in modern human soci-
eties. Furthermore, the duplex sequencing method we optimized for single cells opens ave-
nues for investigating low-frequency mutations in other studies.
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selection analysis is in S2-54 Notes. All raw data
for the information depicted in figures are available
at: https://github.com/makovalab-psu/mouse-
duplexSeq.
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Introduction

Mutations generate genetic variation, making evolution possible. Substantial progress has
been made in our understanding of mutation rates and patterns because of the application of
next generation sequencing (NGS) to interspecies genomic alignments (reviewed in [1]),
familial trios [2-9], mutation accumulation lines (reviewed in [10]), and mutator animal mod-
els [11,12]. Yet the error rates of available NGS technologies (e.g., 107> to 1072 for Illumina
[13] and even higher for others) are several orders of magnitude higher than the mutation
rates themselves (e.g., 3.5-5.4 x 10~° and 7.69 x 10~® mutations per base pair per generation in
mouse germline and brain, respectively, for nuclear DNA [14,15]). As a result, conventional
NGS cannot directly provide accurate answers to several critical questions related to mutations
—for instance, how de novo mutations arise and whether their frequency increases with age.

Multiple lines of evidence suggest that, in humans, nuclear germline mutations increase in
frequency with both paternal and maternal age [2-5,7,9], a conclusion that is highly relevant
to modern societies in which delayed reproduction has become common. A paternal age effect
for nuclear germline mutations was recently also observed in mice [15]. However, existing
studies infer germline mutation frequency increases indirectly from the analysis of familial
trios; thus, the phenomenon has never been directly shown to occur in germ cells. Without evi-
dence gleaned directly from oocytes, the increased frequency of de novo genetic variants in the
offspring could be due to decreased selective constraints, rather than to enhanced mutagenesis,
in the germline of older mothers. We currently lack such direct evidence from oocytes not
only for nuclear DNA but also for the mitochondrial genome.

Mitochondria, the powerhouses of the cell, have their own genomes. Multicopy mitochon-
drial DNA (mtDNA) genomes—e.g., present in thousands of copies in brain and skeletal mus-
cle and in approximately 200,000 copies in mature oocytes [16-20]—are transmitted in
mammals through the maternal lineage. Studying how mutations in mtDNA accumulate with
age is critical because of their association with numerous human genetic diseases (reviewed in
[21]) as well as with aging phenotypes [22], including Parkinson’s and Alzheimer’s diseases
[23,24]. The substitution rate of mtDNA is approximately an order of magnitude higher than
that of the nuclear DNA [25-27], providing a higher resolution for detecting changes in muta-
tion frequency compared with nuclear mutations. In human somatic tissues, mtDNA muta-
tion frequency increases with age [26-30]; however, whether the same occurs in mice remains
contradictory ([11,31-33], reviewed in [34,35]).

Recent analyses of human pedigrees suggested age-related accumulation of mtDNA muta-
tions in the human female germline, leading to more de novo mutations in children born to
older mothers [26,36]. Thus, de novo mtDNA mutations likely accumulate in oocytes under
meiotic arrest. A direct examination of mtDNA variants in oocytes has been challenging. Most
studies to date focused on a handful of mtDNA sites [37-42]. The few that did examine the
whole mtDNA sequence [35,43-45] used sequencing methods with high error rates and, thus,
potentially unreliable detection of de novo mutations. In practice, we still do not know defini-
tively whether the frequency of de novo mtDNA mutations increases with age in mammalian
oocytes.

To investigate age-related accumulation of mtDNA mutations in mammalian somatic and
germ cells, we optimized and applied a highly accurate duplex sequencing method [28,46,47]
to mtDNA in brain, skeletal muscle, and oocytes of mothers and pups belonging to two mouse
pedigrees. This approach allows one to accurately estimate mutation frequencies as low as
<1077 [28,46,47]. Using it, we were able, for the first time, to directly measure the frequency of
de novo germline mutations across the whole mitochondrial genome and to demonstrate their
accumulation in mothers compared with pups. Additionally, we examined changes in allele
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frequencies of inherited mtDNA mutations between tissues and generations and the depen-
dence of these changes on age, thus illuminating population genetic processes that govern
mtDNA evolution in mammalian somatic and germline tissues.

Results
Duplex sequencing of two mouse pedigrees and mutation detection

To study the accumulation of mtDNA mutations in somatic and germline tissues, we gener-
ated high-quality full-length mtDNA sequences from brain, skeletal muscle (henceforth
referred to as muscle), and oocytes of CD-1 mice from two independent two-generation pedi-
grees (Fig 1). A total of eight mothers and 28 of their pups (19 females and nine males) were
included in the study. At the time of sample collection, the age of the mothers was approxi-
mately 10 months, and the age of the pups was approximately 20 days (exact ages are reported
in S1 Table). mtDNA from brain and muscle was studied for every animal. Additionally, for 25
females, we studied oocyte mtDNA; this included mtDNA from 1-8 single oocytes per animal
for 21 females (a total of 92 single oocytes) and mtDNA from (usually) 4-47 pooled oocytes
per animal for 24 females (a total of 24 oocyte pools).

To sequence mtDNA, we used the highly accurate duplex sequencing technique [46,48]. By
barcoding double-stranded sequencing templates for each strand before amplification during
library preparation, duplex sequencing separates true DNA variants from sequencing errors
[46,48]. This is achieved by first forming consensus sequences for reads originating from each
of the two template strands separately, i.e., single-strand consensus sequences (SSCSs), which
still contain some PCR errors and artifacts resulting from DNA lesions, followed by forming a
consensus of the two single-strand consensuses, i.e., duplex consensus sequence (DCS), in

G126"",-
G136 (l) 5[10] G137f f4[6] G139§ ) G140 4[5]
8[20] 8[22] 4[36] [33] 5[26] 5[21]
B 61297 3
1
G131 G132 3[un] G133 5[4] G134 1[7]
[un] [471 [39] 4[25] 4[8] 4{un] 2[14] 2[un] 4[40] 5[40] 6[25]
O Female Kieifsars s p - - I
I Male umbers = sequenced oocytes (single oocytes[oocytes in a pool])

Fig 1. Two mouse pedigrees included in the study. At the time of sample collection, the age of the mothers was
approximately 10 mo, whereas the age of the pups was approximately 20 d. Red numbers are individual IDs. Black
numbers in bold indicate the number of single oocytes sequenced per individual, and gray numbers in parentheses
indicate the number of oocytes included in a pool per individual (only one oocyte pool was included per individual).
(A) Pedigree with four mothers (sisters: G136, G137, G139, and G140) and 11 pups. This pedigree is further referred to
as G126, based on the ID of the grandmother (who was not included in the study). For simplicity, mouse G136 is also
referred to as a mother despite her not having pups. Pups of G137 were born in two litters (S1 Table), separated by a
large gap on the figure. (B) Pedigree with four mothers (sisters: G131-G134) and 17 pups. This pedigree is further
referred to as G129. Pups of G132 were born in two litters (S1 Table). ID, identifier; un, unknown number of oocytes
included in a pool.

https://doi.org/10.1371/journal.pbio.3000745.9001
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which these errors and artifacts can be eliminated (S1 Fig). The overall sample preparation and
sequencing workflow are summarized in S2 Fig. Prior to library preparation, the samples were
enriched for mtDNA to minimize the contribution from regions of nuclear DNA that are
homologous to mtDNA (Numts) [49,50] (S3A Fig). Samples were sequenced on the Illumina
HiSeq 2500 platform using 250-nt paired-end reads to a median DCS depth of 2,050x, 1,986,
133x, and 932x for brain, muscle, single oocytes, and oocyte pools, respectively (S3B Fig, S2
Table), with a rather uniform DCS sequencing depth per site (S3C Fig). Sequencing reads were
analyzed with the Du Novo pipeline [51,52] to form consensus sequences (S1 Fig), which were
mapped to the mouse mtDNA reference genome and used to call variants (see Methods for
details).

Although we observed 28 inherited variants (i.e., variants segregating in a pedigree) in this
data set (see section Inherited heteroplasmies), our main interest was in the analysis of putative
tissue-specific de novo mutations. We initially defined them as variants (nucleotide substitu-
tions) present in one tissue of an animal but absent from the other tissues. Considering the
average frequency of these mutations, we expect some de novo mutations to occur at the same
site in two or three samples just by chance (S1 Note); therefore, we included such mutations in
our analysis (we excluded early somatic mutations [n = 54, S3 Table, S4 Fig] —mutations
found in both somatic tissues but absent from oocytes of the same individual). Mutations
occurring more than three times at a site (n = 148) represent either mutation hot spots or vari-
ants segregating at very low frequencies in a pedigree; however, we cannot differentiate
between these two possibilities. Thus, conservatively, we excluded these mutations from our
analysis. In total, we found 325, 390, 218, and 38 putative tissue-specific de novo mutations in
brain, muscle, single oocytes, and oocyte pools of mothers, respectively, and 465, 424, 78, and
77 mutations in the same tissues of pups. Considering only mutations occurring in a single
sample, or considering all observed mutations, did not change our conclusions qualitatively
(S1 Note). The majority of putative tissue-specific de novo mutations (1,885 out of a total of
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Fig 2. Mutations along the mtDNA molecule in pups and mothers. Distributions of (A) somatic and (B) germline mutations along the mitochondrial genome. Dot size
represents the number of molecules (i.e., the number of DCSs) in which a mutation was observed. The majority of mutations were found only in a single molecule;
therefore, the shown MAF might be inaccurate in some samples. Among the mutations observed in at least two DCSs (for which MAF can be estimated more accurately),
only 11 had MAF >1%—they all occurred in the germline (two mutations in single oocytes of pups, eight mutations in single oocytes of mothers, and one mutation in
oocyte pool of a mother; S3 Table). The dashed blue line marks the beginning of the D-loop region. The raw data for the information depicted in this figure are available at
https://github.com/makovalab-psu/mouse-duplexSeq. DCS, duplex consensus sequence; MAF, minor allele frequency; mtDNA, mitochondrial DNA.

https://doi.org/10.1371/journal.pbio.3000745.9002
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Fig 3. Nucleotide substitutions accumulate with age. Higher median mutation frequencies were observed in brain,
muscle, single oocytes, and oocyte pools of mothers compared with those of pups. Permutation test p-values (one-
sided test based on medians, corrected for multiple testing) are shown with the respective sample sizes (). In the
calculation of mutation frequencies for single oocytes, the numbers of mutations and sequenced nucleotides were
combined across all oocytes analyzed for a mouse. Considering only samples sequenced at a DCS depth >100x does
not change the results qualitatively (S5B Fig). The raw data for the information depicted in this figure are available at
https://github.com/makovalab-psu/mouse-duplexSeq. DCS, duplex consensus sequence.

https://doi.org/10.1371/journal.pbio.3000745.9003

2,015) was found in a single mtDNA molecule (Fig 2A and 2B), suggesting that they have low
frequencies.

De novo mutations

Increase in the frequency of somatic and germline mutations in older versus younger
mice. Our analysis of mice belonging to the two different age groups—approximately
10-mo-old mothers versus approximately 20-d-old pups—demonstrated that the frequency of
de novo mtDNA mutations increases with age in both somatic tissues and germ cells (Fig 3).
For each of the two somatic tissues analyzed, the mutation frequency was significantly higher
in the mothers than in the pups. Indeed, we observed a 2.6-fold increase in mutation frequency
in brain (median frequency among mothers: 1.2 x 10~° nucleotide substitutions/bp; median
frequency among pups: 4.7 x 10”’; one-sided permutation test p = 6.6 x 10™%; one-sided tests
were used when comparing mothers and pups for quantities that are reasonably expected to be
larger in mothers; p-values throughout the manuscript were corrected for multiple testing; see
Methods) and a 2.6-fold increase in mutation frequency in muscle (mothers: 1.2 x 107° nucle-
otide substitutions/bp; pups: 4.5 x 10~ nucleotide substitutions/bp; one-sided permutation
test p = 6.6 x 10”°) in mothers compared with pups. For oocytes—either single oocytes or
oocyte pools—the mutation frequency was also higher in mothers than in pups (though only
significant for single oocytes). When analyzing oocyte pools, we observed a 1.5-fold increase in
median frequency in mothers compared with pups (mothers: 3.5 x 10”7 nucleotide substitu-
tions/bp; pups: 2.4 x 10”7 nucleotide substitutions/bp; one-sided permutation test p = 0.078),
whereas for single oocytes the increase was 2.7-fold (mothers: 1.0 x 10~° nucleotide substitu-
tions/bp; pups: 3.9 x 1077 nucleotide substitutions/bp; one-sided permutation test p = 0.010;
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we combined the data from single oocytes per mouse in order to minimize the contribution of
oocytes sequenced at low depth to the estimated mutation frequency; mutation frequencies in
single oocytes are shown in S5A Fig).

Whereas in the preceding paragraph we considered mutation frequencies in each tissue of
each individual separately, in the analysis below we aggregated mutations in each tissue across
mothers and separately across pups to gain statistical power. We also aggregated data for single
oocytes and oocyte pools because they represent the same tissue (separate data for single
oocytes and oocyte pools are shown in S4 and S5 Tables). After such aggregations, our data
still confirmed significant increases in somatic and germline mtDNA mutation frequencies in
the mothers compared with the pups: we found significant increases of 2.8-fold, 2.7-fold, and
2.3-fold in mothers compared with pups for brain, muscle, and oocytes, respectively (Fisher’s
exact test p = 4.0 x 107", p= 1.4 x 107*', and p = 2.7 x 107", respectively; S5C Fig, $4 Table).

De novo mutation frequency and its increase with age vary along the mtDNA mole-
cule. Across all tissues, and for either mothers or pups, aggregated mutation frequencies
were notably higher in the D-loop than in protein-coding, tRNA, or rRNA sequences. These
differences were significant only in brain and muscle of mothers and in oocytes of pups (Fig
4A, S5 Table, S6 and S7 Figs). In pups, de novo mutations in the germline exhibited a particu-
lar preference for the D-loop versus all other compartments taken together (significant
3.1-fold-higher frequency in oocytes; histogram in the upper part of Fig 2B, Fig 4A; see S4
Table for mutation frequencies and Fisher’s exact test p-values). This was also the case, but less
markedly, in somatic tissues of pups (significant 1.6-fold-higher frequency in brain, p = 0.012,
but nonsignificant 1.3-fold-higher frequency in muscle, p = 0.216, Fisher’s exact tests; Figs 2A
and 4A; S4 Table).

With aging, somatic mutations accumulated primarily in the D-loop, whereas germline
mutations accumulated more uniformly along the mtDNA molecule (histograms in the lower
parts of Fig 2A and 2B). Indeed, for somatic tissues, whereas all mtDNA functional
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Fig 4. Mutation patterns in pups and mothers. (A) Tissue-specific mutation frequencies (computed as total number of tissue-specific mutations divided by the product
of mtDNA region length and mean DCS depth) for pups and mothers in different mtDNA regions: D-loop (877 bp), protein-coding (11,331 bp), tRNA (1,499 bp), and
rRNA (2,536 bp) sequences. Mutation frequencies for noncoding sequences outside of the D-loop (57 bp) are shown in S6 Table. (B) Tissue-specific frequencies of
different mutation types for pups and mothers. C>T/G>A mutations separated by CpG and non-CpG sites are shown in S8 Fig. Mutation frequency bars are shown with
95% Poisson confidence intervals. Differences between mothers and pups in each category were tested using the Fisher’s exact test; stars indicate p-values (*p < 0.05,

**p <0.01, ***p < 0.001). “Oocytes” comprise single oocytes and oocyte pools in both (A) and (B). The raw data for the information depicted in this figure are available at
https://github.com/makovalab-psu/mouse-duplexSeq. CpG, 5 -cytosine-phosphate-guanine-3'; DCS, duplex consensus sequence; mtDNA, mitochondrial DNA.
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compartments exhibited significant increases in mutation frequency in mothers versus pups
(Fig 4A), these increases were larger for the D-loop (significant 5.6-fold and 5.5-fold increases
in mothers versus pups in brain and muscle, respectively; see S4 Table for mutation frequen-
cies and Fisher’s exact test p-values) than for mtDNA outside of the D-loop (significant
2.6-fold and 2.5-fold increases in brain and muscle, respectively; S4 Table). Germline muta-
tions did not show such a pronounced preference for the D-loop with age as that observed in
somatic tissues (Fig 4A). In fact, germline mutations located in the D-loop did not have a sig-
nificant increase in their frequency in mothers versus pups (1.3-fold increase, Fisher’s exact
test p = 0.549), in contrast to germline mutations located in protein-coding, rRNA, and tRNA
sequences, which displayed significant increases (2.6-fold, 2.4-fold, and 2.1-fold increases,
respectively; Fig 4A, S4 Table).

In a complementary analysis of observed versus expected numbers of de novo mutations
based on the length of mtDNA functional compartments, we also found the D-loop to harbor
a higher number of mutations than expected by chance for all three tissues analyzed and for
both mothers and pups (56 Table). Consistent with our results in Fig 2A and 2B, the differ-
ences between observed and expected ratios in the D-loop were particularly striking for
somatic tissues in mothers (p = 2.2 x 107" in brain and p = 2.9 x 10™"° in muscle; one-sided
binomial test) and oocytes in pups (p = 1.0 x 107°), showing an enrichment of mutations in
the D-loop. De novo mutations were always significantly underrepresented in coding regions
(protein-coding, tRNA, and rRNA considered together) for all three tissues analyzed and for
both mothers and pups—again, particularly for somatic tissues in mothers (p = 7.5 x 107** in
brain and p = 2.7 x 10~° in muscle) and oocytes in pups (p = 9.1 x 10~°). Even though protein-
coding regions constitute the majority of coding regions (11,331 bp out of a total of 15,366 bp),
we found them to be strongly depleted of de novo mutations in mothers’ brain and muscle
(p=6.6x 107> and 4.2 x 10™*, respectively) and in pups’ oocytes (p = 0.045). This pattern most
likely reflects high mutation rates in the D-loop for these tissues and not negative selection
against de novo mutations in protein-coding regions. Indeed, we observed that protein-coding
regions exhibited nonsynonymous-to-synonymous rate ratios (number of nonsynonymous
mutations per nonsynonymous site/number of synonymous mutations per synonymous site
[hN/hS], [53]) of 1.30, 2.17, and 1.32 in brain, muscle, and oocytes of mothers, respectively,
and 1.59, 1.19, and 1.69 in the same tissues of pups, all within the range of neutral expectations
(S2 Note). Additionally, with the exception of brain tissue in pups, conservation (measured by
phastCons scores) was not significantly lower for mutated sites relative to sites that were
homoplasmic (S3 Note). Thus, there is little evidence to support the role of negative selection
in shaping the observed distribution of mutations in mouse mtDNA in the tissues and age
groups analyzed. Within the D-loop, we did not see a significant depletion of mutations in reg-
ulatory regions (extended termination-associated sequence [ETAS]1, ETAS2, conserved
sequence box [CSB]1, CSB2, and CSB3) [27] compared with nonregulatory ones (S4 Note),
again providing no evidence of selection.

Age accumulation of different mutation types in germline and somatic tissues. Our
results suggest that during aging/maturation, transitions accumulate more than transversions,
particularly in somatic tissues (S7 Table). When we compared mutation frequencies between
mothers and pups, we observed significant 3.6-fold, 3.7-fold, and 3.2-fold increases in the fre-
quency of transitions in brain, muscle, and oocytes (Fisher’s exact test; p = 4.9 x 10™%,
34x 1073 and 6.1 x 1072}, respectively) but only 1.5-fold, 1.2-fold, and 1.2-fold increases in
the frequency of transversions (p = 0.019, 0.255, and 0.328, respectively). The transition-to-
transversion ratio was 4.3, 4.5, and 3.3 in mothers’ brain, muscle, and oocytes, respectively, as
compared with only 1.8, 1.4, and 1.2 in the same tissues of pups.
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Although all types of transitions displayed significant increases in mutation frequencies in
mothers compared with pups (Fig 4B; see S7 Table for mutation frequencies and Fisher’s exact
test p-values), for A>G/T>C transitions, the age-related frequency increase was strongest in
the germline, whereas for C>T/G>A transitions, the frequency increase was strongest in
somatic tissues. The frequency of A>G/T>C transitions increased with age as much as
6.4-fold in the germline but only 2.4-fold in brain and 2.2-fold in muscle (Fig 4B). In contrast,
the frequency of C>T/G>A transitions increased only 2.5-fold in oocytes but as much as
4.0-fold in brain and 4.5-fold in muscle. The frequency of C>T/G>A transitions was higher at
5'-cytosine-phosphate-guanine-3’' (CpG) sites than at non-CpG sites across all tissues for
mothers (1.9-, 1.9-, and 2.4-fold difference for brain, muscle, and oocytes, respectively) and for
pups (1.8-, 1.2-, and 1.4-fold difference for brain, muscle, and oocytes, respectively). The eleva-
tion in transition frequencies at CpG sites was significant for all maternal tissues but only for
brain for pups (see S7 Table for mutation frequencies and Fisher’s exact test p-values). Thus,
spontaneous deamination of methylated cytosines [54] might be contributing to mouse
mtDNA mutagenesis, particularly for older animals. However, no significant differences were
observed between mothers and pups for any trinucleotide context individually (S9 Fig).

Although the patterns of age-related accumulation inside and outside the D-loop were simi-
lar for most substitution types and tissues (S8 Table, S10 Fig), C>T/G>A and A>G/T>C
transitions in oocytes displayed a difference. Their frequency increased in mothers as com-
pared with pups significantly, 2.7- and 7.1-fold, outside the D-loop but not significantly, only
1.3- and 3.3-fold, in the D-loop. The latter observation might be explained by the small num-
ber of these mutations in the D-loop in our data set and should be confirmed in other studies
using larger sample sizes.

Similar patterns of strand bias in younger versus older animals. We detected strand
bias, i.e., an asymmetric distribution of complementary mutation types between the light
strand (L-strand; containing more cytosines than guanines) and the heavy strand (H-strand)
for several mtDNA mutation types and in somatic and germline tissues of our mice—similar
to what was shown previously for mtDNA in human brain [28]. The patterns of strand bias
were largely similar between younger and older animals. The mouse reference mtDNA
genome represents the L-strand; therefore, all mutation types below are shown with respect to
that strand (with duplex sequencing, mutations were measured on both DNA strands but only
reported with respect to the reference sequence). However, some of the actual mutations
might have occurred on the H-strand instead. For instance, an inferred G>A mutation on the
L-strand might have in reality been a C>T mutation on the H-strand. If there is no strand bias
and if the nucleotide composition of the two strands is the same, we expect similar numbers of
reciprocal mutations (e.g., C>T and G>A, and other mutation types combined in each cate-
gory in Fig 4B), using either strand as reference.

We observed a significantly higher frequency of G>A than C>T mutations for brain and
muscle at non-CpG sites and for brain at CpG sites in both mothers and pups, for oocytes at
CpG and non-CpG sites in mothers, and for oocytes at non-CpG sites in pups (S11 Fig, S9
Table). For instance, significant 5.2-fold- and 7.9-fold-higher frequencies of G>A than of
C>T mutations were observed in mothers’ and pups’ brain (see S9 Table for mutation fre-
quencies and Fisher’s exact test p-values). We also observed a significantly higher frequency of
T>C than A>G mutations in brain and muscle of mothers (5.7-fold- and 2.5-fold-higher fre-
quency) and in brain and muscle of pups (2.7-fold- and 2.9-fold-higher frequency). The D-
loop, unlike other mtDNA compartments taken together, did not show a significant strand
bias for transitions (S10 Table, S12 Fig), but this observation could in part be due to a relatively
small number of mutations of different types in the D-loop.
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Table 1. Mixed-effects binomial logistic regression for mutation frequency at mtDNA (see S11 Table for details).

Predictor Partial pseudo-R” (%) Chi-squared test p-value

Mutation type 12.69 3.06 x 107!
Age category (mothers or pups) 4.99 1.67 x 107"
mtDNA region (D-loop or outside of D-loop) 3.43 1.01x 107
Tissue 2.77 L11x 107"

Model conditional pseudo-R*: 23.53% (overall predictive power). Model marginal pseudo-R*: 22.82% (predictive
power of the fixed effects).
Abbreviation: mtDNA, mitochondrial DNA

https://doi.org/10.1371/journal.pbio.3000745.t001

A joint model explaining variation in mtDNA mutation frequencies. To evaluate the
joint effect and the relative contribution of different factors to mtDNA mutations, we fitted a
generalized mixed-effects linear model using a binomial family and a logit link (see Methods).
Mutation frequency was the response; the total number of nucleotides (in DCSs) was used as
weight; and age category (mothers or pups), tissue (brain, muscle, single oocytes, or oocyte
pools), mtDNA compartment (D-loop versus outside of D-loop), and mutation type (transver-
sions, A>G/T>C transitions, and C>T/G>A transitions) were used as fixed-effect categorical
predictors (Table 1). The data on single oocytes were combined per individual, and individual
identifier (ID) was included as a random effect to account for potential differences among
individuals. In all, the model captured a substantial portion of the variability observed in muta-
tion frequency (conditional pseudo-R* = 23.53%). All four categorical predictors were signifi-
cant (Table 1, see S11 Table for odds ratios). The strongest predictor was mutation type
(partial pseudo-R* = 12.69%). The model confirmed a higher mutation frequency of C>T/
G> A transitions versus transversions (Fig 2D); however, the frequency of A>G/T>C transi-
tions was not significantly different from the frequency of all transversions combined (S11
Table). The second strongest predictor was age category (mother or pup; partial pseudo-R* =
4.99%). The model corroborated a significantly higher mutation frequency in mothers versus
pups (Fig 3, S11 Table). mtDNA compartment was the third strongest predictor (partial
pseudo-R* = 3.43%), and the model confirmed a significantly higher mutation frequency in
the D-loop versus other compartments (Fig 4A, S11 Table). Finally, tissue was a significant but
weaker predictor (partial pseudo-R* = 2.77%). The model confirmed lower mutation frequen-
cies in oocytes than in brain and indicated no significant differences in mutation frequencies
between brain and muscle (S11 Table), confirming our observations throughout the manu-
script. Individual ID was a significant random effect (p = 2.1 x 10~7); however, its role in the
model was minor. Indeed, taken together, the fixed-effect predictors captured almost as much
of the variability in mutation frequencies as the whole model (marginal pseudo-R” = 22.82%,
compared with the conditional pseudo-R* = 23.53%), which also accounts for the random
effect. A separate model that included two-way interactions between mutation type and each
of the other three variables in addition to the four fixed-effects categorical variables listed
above captured a similar amount of variability in mutation frequency (S12 Table) as did the
model without interactions (Tables 1 and S11).

Inherited heteroplasmies

Variability in allele frequency at inherited heteroplasmies. Although our main focus
was on de novo mutations, which we had a unique opportunity to evaluate with the duplex
sequencing protocol, the two mouse pedigrees also provided us with data to study inherited
heteroplasmies. In our data set, we found 28 inherited heteroplasmic sites, which we defined as
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variants present either in both somatic and germline tissues of an individual or in two genera-
tions of a pedigree (S13 Table, S13 Fig). Among them, 17 heteroplasmies were present in both
somatic tissues and oocytes of one or several pups but were absent from their mothers (513
Table); these mutations likely originated in the germline of the mothers and were inherited by
the pup(s). Seven heteroplasmies were shared by a mother and some of her pups and thus
likely originated in the mother (or in an earlier generation). Four heteroplasmies were shared
by several mothers and their pups in a pedigree and thus were likely also present in the grand-
mother. Median allele frequencies (S14 Fig, S14 Table) were the lowest for heteroplasmies
restricted to pups (median frequency across samples of 0.35%), intermediate for heteroplas-
mies shared by a mother and her pups (median frequency across samples of 0.59% and 2.68%
in mothers and pups, respectively), and highest for heteroplasmies shared by several mothers
(median frequency across samples of 9.01%). This illustrates an increase in allele frequencies
between new mutations and mutations segregating across several generations or a higher
probability of high-frequency heteroplasmies to be inherited [27,36].

More pronounced age-related genetic drift in germline than somatic tissues. Analyzing
all 28 inherited heteroplasmic sites, we were able to make inferences about the amount of
genetic drift for mouse mtDNA and found that, in somatic tissues, it is limited and increases
only slightly with age. Heteroplasmic allele frequencies correlated tightly between the two
somatic tissues of pups (R* = 0.977; Fig 5A). In comparison, mothers (approximately 9 mo
older than pups) exhibited only a slightly lower correlation (R* = 0.947; Fig 5B; this conclusion
did not change when we subsampled pups to have a sample size equal to the sample size for
mothers, S15 Table).

Our results suggest a more pronounced genetic drift and a larger increase in the amount of
drift with age for mtDNA in mouse germline than somatic tissues. When comparing allele fre-
quencies at these 28 sites between somatic tissues and oocytes (single oocytes and not oocyte
pools were used to obtain approximately equal numbers of oocytes for individual mothers and
pups), correlations in both pups and mothers (R* = 0.871 and R = 0.592, respectively; Fig 5C
and 5D) were weaker than those observed between their somatic tissues (R* = 0.977 and R* =
0.947, respectively; Fig 5A and 5B). This finding can be explained by the bottleneck experi-
enced by mouse mtDNA in the germline [37]. In addition, the correlation observed for moth-
ers (R* = 0.592) was substantially lower than that observed for pups (R* = 0.871), suggesting
stronger drift for oocytes of older animals, which is likely due to the additional turnover of
mtDNA during meiotic arrest (transfer of mitochondria from neighboring cyst cells during
oogenesis might also contribute to the increased drift [55]). These conclusions did not change
when we subsampled the data to include the same number of mothers and pups, limited the
analysis to samples (mothers or pups) with more than two oocytes, or computed correlations
for individual oocytes (S15 Table, S15 Fig). We found additional evidence that genetic drift
increases in aging oocytes but much less so in aging somatic tissues: the variance in minor
allele frequency (MAF), normalized by p(1 — p), where p is the average allele frequency among
single oocytes or between somatic tissues, was significantly higher in mothers than in pups
when considering oocytes but not when considering somatic tissues (one-sided permutation
test p-values of 0.047 and 0.478, respectively; S16 Fig).

Estimating the effective germline bottleneck for mouse mtDNA. Our data are consis-
tent with a germline bottleneck operating on mouse mtDNA, corroborating previous studies
(previous estimates in mice are approximately 200 segregating mtDNA units) [37]. We next
estimated the size of the effective germline bottleneck for mouse mtDNA—the size required to
explain observed genetic drift, which might differ from the actual number of transmitted
mtDNA molecules because of their potential segregation in groups (reviewed in [56]) and/or
the transfer of mitochondria from cyst cells [55]. To estimate the effective germline bottleneck
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Fig 5. Correlations of allele frequencies for inherited heteroplasmies in somatic tissues and oocytes. (A) MAF of
heteroplasmies in brain versus muscle for pups. (B) MAF of heteroplasmies in brain versus muscle for mothers. (C)
Mean MAF of heteroplasmies in single oocytes versus somatic tissues (averaged between brain and muscle) for pups.
(D) Mean MAF of heteroplasmies in single oocytes versus somatic tissues (averaged between brain and muscle) for
mothers. In (C-D), single oocytes (not oocyte pools) were used to obtain approximately equal numbers of oocytes for
individual mothers and pups. Dot size indicates the number of sampled oocytes for each pup or for each mother. The
gray bands on all plots represent confidence intervals around the regression line, and the dashed lines are the 1:1
relationship. The raw data for the information depicted in this figure are available at https://github.com/makovalab-
psu/mouse-duplexSeq. MAF, minor allele frequency.

https://doi.org/10.1371/journal.pbio.3000745.9005

size, we used the population genetics approach described in [57-59]. Applying the approach in
[57-59] to the data on allele frequency shifts at 28 inherited heteroplasmies, we compared
allele frequencies between somatic tissues of pups and their single oocytes (at 19 heteroplasmic
sites with one to seven oocytes per animal), between somatic tissues of mothers and their single
oocytes (at 19 heteroplasmic sites with one to six oocytes per animal), and between somatic tis-
sues of mothers and somatic tissues of pups (at 16 heteroplasmic sites with one to nine pups
per mother; S16 Table). The resulting effective bottleneck size was estimated to be 84.8 segre-
gating mtDNA units (95% bootstrap CI 0.0640-462), 53.6 segregating units (95% bootstrap CI
1.65-472), and 59.1 segregating units (95% bootstrap CI 8.26-315), respectively (S16 Table).
The effective bottleneck size obtained from comparisons including mothers is smaller than
that obtained from comparisons between somatic and germline tissues of pups, suggesting that
additional drift occurs with aging. Therefore, the estimate based on pups’ data is closer to the
initial germline bottleneck size.
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Discussion

Utilizing a highly accurate duplex sequencing method, we were able to study in detail both
age-related accumulation of putative de novo mutations and changes in allele frequencies for
inherited variants in mouse mtDNA. Our results demonstrate that the frequency of putative
de novo mtDNA mutations significantly increases (approximately 2- to 3-fold) as mice age
from approximately 20 d to approximately 10 mo, i.e., over a period of only 9 mo, and in both
somatic tissues and germ cells.

Power of duplex sequencing

Duplex sequencing greatly reduces errors resulting from DNA damage and amplification in
NGS experiments (error rate: <107) [46]. As a result, we could reliably detect low-frequency
de novo mutations occurring at frequencies below 1%, which is often used as a cutoff in
mtDNA studies [26,33]. Additionally, because PCR occurs after template tagging in duplex
sequencing, our estimates of allele frequencies for both de novo and inherited mtDNA variants
are expected to be more accurate than in studies using conventional NGS.

Innovative application of duplex sequencing to single oocytes

Although duplex sequencing was successfully applied to de novo mtDNA mutation detection
in somatic tissues in previous studies [28,46,60], ours is the first study to apply this method to
single oocytes. Duplex sequencing of single cells is particularly challenging because of their
small DNA quantity. The amount of mtDNA in a single oocyte (<5 pg) is several orders of
magnitude lower than the minimal amount of DNA required for library preparation in a pub-
lished duplex sequencing protocol (approximately 100 ng) [48]. DNA amplification prior to
library preparation is not an option for duplex sequencing because, to distinguish true variants
from errors/artifacts, the original double-stranded state of each template molecule needs to be
preserved until duplex adapters are attached. To accommodate the low mtDNA amount in sin-
gle oocytes, we had to implement several modifications to the library preparation protocol (see
Methods). The procedure we thus optimized for application to single cells is an important out-
come of this study; we expect it to become a useful resource for other researchers interested in
investigating de novo mutations at alow DNA amount or single-cell level, e.g., during cancer
or due to exposure to environmental pollutants or radiation.

Mutation accumulation in the germline

The application of duplex sequencing to single oocytes and oocyte pools allowed us to analyze
putative de novo mtDNA mutations directly in germ cells (i.e., without the need to observe
them in the next generation) with a resolution sufficient to capture frequency increase over a
period of only 9 mo. Previous studies in humans are contradictory and either suggested no
increase in the number of mutations in single oocytes with ovarian aging [35] or an increase in
the number of de novo germline mutations with maternal age at conception [26,36] (the latter
studies were based on the analysis of new heteroplasmies in the offspring, thus providing only
indirect measurements of germline mutation frequencies). Studies of this phenomenon in
mice have been scarce. Ma and colleagues [33] found an increase in the number of inferred
germline mutations (defined as variants present in multiple somatic tissues of an individual)
in older versus younger wild-type mice. However, this observation could be explained by an
increase in MAF of inherited heteroplasmies in older animals (crossing the detection thresh-
old). Our results suggest that in wild-type mice, de novo mutations are difficult to observe
with the MAF = 2% detection threshold used in [33]; thus, many low-frequency mutations
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were missed in their analysis. Furthermore, many of the germline mutations identified in their
study might represent inherited heteroplasmies. In contrast, our study unequivocally shows an
age-related increase in de novo mtDNA mutation frequency in mouse female germ cells. How-
ever, we note that because we measured mutations only at two time points (approximately 20
d and approximately 10 mo), the observed increase may be linked not just to age directly but
also to other aging-related factors, such as parity or sexual maturity.

Mutation accumulation in somatic tissues

Ours is also the first application of duplex sequencing to demonstrate age-related accumula-
tion of somatic mtDNA mutations in mice. Our results agree with those by Vermulst and col-
leagues [31], who, using a random mutation capture assay and comparing brain and heart of
young versus old mice, found a significant increase in the frequency of point mutations at two
targeted mtDNA positions (in the rRNA region and cytochrome b gene). Remarkably, the
mutation frequency they computed for young mice (6 x 10~ for rRNA mutations/bp) is very
similar to the mutation frequency that we computed for our pups (4.5 x 10~ mutations/bp,
for rRNA, S4 Table). Another study [32], using PCR, cloning, and sequencing for comparing
livers of young and old mice, found an increase in D-loop mutation frequency. However, the
mutation frequency they computed was several orders of magnitude higher than ours. Yet
another study [11], using ultradeep sequencing, found similarly high mutation frequencies in
the whole mtDNA of mouse liver but did not detect an age-related increase [11]. These high
mutation frequencies [11,32] potentially resulted from a large number of false-positive muta-
tions, which in some instances (e.g., [11]) could have masked the signal of mutation accumula-
tion with age. An age-related mutation accumulation was also not detected after sequencing of
mtDNA from multiple wild-type mouse somatic tissues [33]. In line with our comment on
germline mutations from the same study (see previous paragraph), our results suggest that this
might be due to their high detection threshold MAF = 2%; we detected de novo somatic muta-
tions with much lower MAFs (<0.69% considering all mutations and <0.31% for mutations
supported by >1 DCS). Using duplex sequencing allowed us to evaluate somatic mutations at
these very low allele frequencies and to show that their frequency in wild-type mice indeed
increases with age, in agreement with studies of DNA polymerase subunit gamma (Polg) muta-
tor mice [33].

Mechanisms of mitochondrial mutations

The significant age-related increases in transition frequencies and in transition-to-transversion
ratios we observed for both somatic and germline tissues are consistent with a major contribu-
tion of replication errors (i.e., nucleotide misincorporations) in generating mtDNA mutations.
Indeed, the DNA polymerase y responsible for mtDNA replication has a propensity for transi-
tion mutations [11,61,62]. Our results are consistent with conclusions from previous studies
that also argue for replication errors as the primary source of mtDNA mutations [26,28,62—
66]. Additionally, our observation of higher rates of C>T/G>A transitions at CpG than non-
CpG sites, particularly for older animals, points toward a role of spontaneous deamination of
methylated cytosines [54] in mtDNA mutagenesis, despite the controversial reports regarding
CpG methylation in mtDNA [67-72]. The predominance of C>T/G>A mutations in a GCT
context in all tissues in mothers and brain in pups (S9 Fig) is in line with a recent finding in
humans showing DNA methylation predominantly at a non-CpG context, with the highest fre-
quency in a 5 -cytosine-phosphate-thymine-3’ (CpT) and CpC dinucleotide contexts [72].
Another potentially contributing mechanism is spontaneous deamination of cytosine
(C>T) and adenosine (A>G) [54,73]—also leading to transitions. In fact, the strong bias we

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 13/37


https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

inferred for G>A over C>T and for T>C over A>G on the reference L-strand is consistent
with a high incidence of C>T and A>G mutations occurring on the H-strand. A similar
strand bias was observed in human cancer [74] and aging brain [28,29]. In mouse, this mecha-
nism might account for the nucleotide content differences between the H- and L-strands: the
H-strand is guanine and thymine rich. In addition to spontaneous deamination, a high inci-
dence of mutations on the H-strand might be explained by its single-stranded status during
the initial stages of replication (reviewed in [75]), facilitating DNA damage. Furthermore, lim-
ited repair at mtDNA might contribute to mtDNA mutagenesis [76-80]. Although we cannot
completely rule out its role, oxidative damage (usually leading to transversions) does not
appear to be a major player in mouse mtDNA mutagenesis [65,81].

Our results suggest that age-related mutation accumulation differs inside versus outside of
the D-loop and in germline versus somatic tissues. Mouse somatic mutations appear to accu-
mulate primarily in the D-loop with age. This finding is consistent with an elevated rate of
mutation accumulation in the D-loop found in [29] but contradicts a relatively uniform muta-
tion accumulation across the whole mtDNA molecule found in [28]—Dboth studies examined
human brain. In contrast, in the mouse germline, mtDNA mutations accumulate more evenly
along the mtDNA molecule. Additionally, we observed stronger age-related frequency
increases for A>G/T>C transitions in oocytes but for C>T/G>A transitions in somatic tis-
sues. These results suggest differences in the relative contributions of various molecular mech-
anisms to mutations in somatic versus germline tissues and in the D-loop versus other
mtDNA compartments. The latter is consistent with a recent study demonstrating a distinct
mutation signature for the D-loop in humans [27,36]. Our statistical model highlights the
importance of tissue, mtDNA region, mutation type, and age in determining mtDNA muta-
tion frequency and explains approximately 24% of its variability.

Lack of selection at de novo mtDNA mutations

Based on mutation frequencies of synonymous versus nonsynonymous variants, as well as the
analysis of phastCons scores, we did not find strong evidence of selection operating on
mtDNA de novo mutations. We believe this is because most of the mutations we analyzed are
observed at extremely low frequencies, at which they may not have phenotypic effects on a cel-
lular or a mitochondrial level. Therefore, our estimated mutation rates and patterns have the
additional advantage of not being significantly affected by selection. Because of the very low
frequency of these mutations in contrast to the high copy number of mtDNA (hundreds to
around 200,000 copies, with an average of 1-10 mtDNA copies per mitochondrion in mature
oocytes [16,82]), mutations in one or a few mtDNA molecules are not expected to have notice-
able functional consequences for a cell compared with mutations in the nuclear genome. How-
ever, at a single-mitochondrion level, they might have a functional impact ([83], reviewed in
[84]). In contrast, negative selection was demonstrated for high-allele-frequency mtDNA
mutations in the mouse germline (reviewed in [85]), and it was suggested that purifying selec-
tion does not act directly on oocytes but rather on cells during postimplantation development
[86]. Recent studies in humans also suggest that mtDNA variants with higher frequencies (e.g.,
>0.5%-1%) may be subject to negative selection in the germline [27,36] and sometimes to pos-
itive selection in somatic tissues [53].

Random genetic drift at mouse mtDNA heteroplasmies

Analyzing inherited heteroplasmies, we found limited evidence of random genetic drift and of
its increase with age in somatic tissues. Indeed, MAFs for inherited heteroplasmies in two
somatic tissues correlated in mothers almost as tightly as they did in pups. Furthermore, the
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normalized variance in MAF for somatic tissues was not significantly different between moth-
ers and pups, also indicating similar amounts of drift. These observations are in contrast to the
patterns observed in humans, for whom we previously observed that the correlation between
mtDNA MAFs in two somatic tissues was substantially weaker for mothers than children [26].
The difference may be due to the much greater age of human mothers compared with mouse
mothers.

We found a lower MAF correlation, and thus a stronger genetic drift, in mouse germ cells
than in their somatic tissues—an observation consistent with the presence of an mtDNA bot-
tleneck during mouse oogenesis [37]. Our estimate of the effective bottleneck size—84.8 segre-
gating mtDNA units (95% CI 0.0640-462, an estimate obtained from pups)—is lower than the
one previously obtained for mice, i.e., approximately 200 [37] (note that our 95% CI overlaps
with 200), but higher than the ones obtained for humans, i.e., between 7 and 35 [26,36,87].
While our estimate has a wide confidence interval, it is still consistent with the view that
mouse mtDNA undergoes a less pronounced germline bottleneck than human mtDNA.

Importantly, our study suggests that mtDNA experiences turnover in aging mouse oocytes.
Indeed, we found that the MAF correlation between oocytes and somatic tissues is substan-
tially stronger for pups than mothers. Thus, since drift in somatic tissues appears to be mini-
mal, further drift might occur in maternal oocytes because of additional turnover of mtDNA
in older animals. Moreover, we demonstrated a significant increase in the normalized MAF
variance in oocytes of mothers versus pups. These results are in agreement with another study
demonstrating an age-related increase in heteroplasmy MAF variance examined at two
mtDNA sites in mouse oocytes [88] and with a recent study in humans demonstrating that
mtDNA divergence between mother and offspring increases with the mother’s age at child-
birth [36]. Taken together, this evidence suggests that mtDNA turnover in aging oocytes
might be a general phenomenon in mammals. The biological mechanism behind it is puzzling
because it is usually assumed that oocytes do not divide after a female is born (except for com-
pleting meiosis right before ovulation). Transfer of mitochondria from cyst cells might play a
role [55]. A decoupling of mtDNA versus nuclear DNA replication during oocyte meiotic
arrest is possible and needs to be examined in future studies.

Future directions

Our application of duplex sequencing and a unique data set comprising high-quality mtDNA
sequences from two somatic tissues, single oocytes, and oocyte pools of mothers and pups
from two mouse pedigrees opens avenues for future investigation of how mtDNA mutations
contribute to aging and disease phenotypes [89,90]. Our study significantly advances our
understanding of mouse mtDNA mutagenesis and enables a more realistic parameterization
of models of mtDNA evolution. Future studies should include highly replicative tissues (e.g.,
intestinal epithelium) in order to further discriminate between mutation mechanisms that are
dependent on or independent of replication. Such investigations should be followed by bio-
chemical validations in vitro and in vivo. Our study is the first to use duplex sequencing for
mtDNA de novo mutation analysis in germ cells and nonhuman mammalian somatic tissues.
To decipher the emergence of mutations, including disease-causing ones, there is an urgent
need to perform a parallel analysis in human oocytes. Additionally, to obtain a more complete
understanding of mtDNA evolutionary dynamics in mammals, existing detailed studies of
mtDNA de novo mutations and inherited heteroplasmies in human and mouse
[26,36,56,87,88,91] should be complemented with similar studies in other mammals.
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Methods
Ethics statement

Animals were maintained according to the Guide for the Care and Use of Laboratory Animals
(Institute for Learning and Animal Research); the federal guideline followed was the Animal
Welfare Act (Public Law 99-198). All animal use was reviewed and approved by the Institu-
tional Animal Care and Use Committee (IACUC; Protocol 44472) at The Pennsylvania State
University.

Samples and their handling

Duplex sequencing was performed for somatic tissues and oocytes (single oocytes and pools of
several oocytes) for mice from two independent two-generation CD-1 mouse (Mus musculus)
pedigrees (grandparents were purchased from Charles River Labs; Fig 1; S17 Table). Somatic
tissues (brain and skeletal muscle) were chosen based on their relatively high mtDNA copy
number and origin in different germ layers (ectoderm for brain and mesoderm for muscle). In
addition, duplex sequencing was performed for liver or heart tissue of a few selected mice to
better distinguish candidate de novo mutations from transmitted heteroplasmies (S2 and S17
Tables). The ages of dams and their progeny were chosen to maximize the age difference
between the two groups of mice (approximately 9 mo) at the time of oocyte collection while
still maintaining the capacity to ovulate enough oocytes for subsequent analyses.

To avoid cross-sample contamination, all pre-PCR steps were performed in a designated
laminar-flow hood located in a separate room. Individual samples were handled in separate
low-binding tubes (Axygen). After DNA amplification, samples were handled in 96-well plate
format during bead purifications with the epMotion automated liquid handling system
(Eppendorf), but afterward, they were again transferred to separate tubes to minimize poten-
tial contamination among samples.

Sample preparation, library preparation, and sequencing of somatic tissues

DNA extraction. Total DNA was extracted from up to 25 mg of somatic tissue using the
DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s instructions with the fol-
lowing modifications. After cutting the tissue samples into small pieces, they were washed with
500 ul PBS before adding 180 pl of Buffer ATL. After lysing the tissues at 56°C for 90 min in a
thermomixer, another 180 ul of ATL and 20 pl proteinase K were added to the samples that
were not sufficiently lysed, and such samples were incubated in the thermomixer for another
90 min. Washes were performed with 400 pl Buffer AL and ethanol. After the wash with Buffer
AL, samples were incubated at 70°C for 10 min. Samples were then divided into two DNeasy
Mini spin columns for further purification steps.

mtDNA enrichment and enrichment estimation. Extracted tissue DNA was enriched
for mtDNA using Exonuclease V (RecBCD) (NEB), which selectively digests linear DNA while
preserving the circular mtDNA [92]. This procedure has the following advantage: even if the
enrichment is not 100% effective, Numts are not specifically coenriched with mtDNA, and the
nuclear DNA still present in samples represents random parts of the nuclear genome. Approx-
imately 400 ng of total DNA (such an amount of DNA was required for library preparation to
obtain an mtDNA sequencing depth of >500x; however, this restricted our ability to measure
high heteroplasmy frequencies within a single somatic cell or small group of cells) were incu-
bated at 37°C for 48 h in 60-pl reactions containing 1x NEB 4 buffer, 30 U Exonuclease V
(RecBCD) (NEB), and 2 mM ATP. After the first incubation, the reaction volume was
increased to 100 ul by supplementing with a further NEB 4 buffer (final concentration = 1x),
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20 U Exonuclease V (RecBCD), and ATP (final concentration = 2 mM) and incubated at 37°C
for another 48 h. The reactions were purified using one volume of AMPure XP beads (Beck-
man Coulter). mtDNA enrichment was estimated by real-time PCR, amplifying a region of the
mitochondrial ND5 gene, as well as nuclear B elements (a repetitive element was used for the
amplification of nuclear DNA to measure more efficient enrichment despite using a small
amount of DNA as template): a 1:10 dilution of each sample was either amplified using prim-
ers specific for mtDNA (F-mmND5-mtDNA: CCAACAACAACGACAATCTAATTC and R-
mmND5-mtDNA: TGATGGTAGTCATGGGTGGA [NC_005089.1: position 12,352-12,446])
or nuclear DNA (F-mmB1: AYGCCTTTAATCCCAGCACT and R-mmB1: CTCACTYTGW
AGACCAGGCT [amplifies multiple regions in the genome]). Reactions contained 2 pl diluted
DNA, 1x PowerUp SYBR Green Master Mix (Thermo-Fisher Scientific), and 0.2 uM each
primer and were amplified at 95°C for 2 min, 45 cycles of 95°C for 15 sec, 56°C for 20 sec, and
72°C for 30 sec, followed by 72°C for 2 min and a melting curve analysis. A standard consisting
of tissue samples that were previously enriched for mtDNA at six different efficiencies (7.2%,
10.1%, 17.2%, 21.8%, 40.0%, 46.8%, and 57.3% of mtDNA in the total sample as determined
using NGS) was included in each run.

Duplex library preparation and sequencing. The enriched DNA was sheared to approxi-
mately 550 bp with a Covaris M220 using 50-ul reactions in a microTUBE-50 AFA Fiber
Screw-Cap (Covaris) and was transferred into 200-pl low-binding tubes for library preparation
(since no size-selection step is included in the protocol, a rather broad size distribution is
observed in the sequenced fragments). This larger fragment size was chosen to minimize bias
from shorter Numts. Duplex sequencing libraries were prepared following the previously
described protocol [48] with several modifications. T-tailed adapters were prepared with
sequences MWS51 and MWS55 and were purified by precipitation with two volumes of abso-
lute ethanol and 0.5 volumes of 5 M NH,OAc. End repair and A-tailing were performed
according to the manufacturer’s instructions with the End Prep module of the NEBNext Ultra
II DNA Library Prep Kit for Illumina (NEB), followed by adapter ligation with the NEBNext
Ultra II Ligation Mix and NEBNext Ligation Enhancer. Instead of the provided adapters, 25
nmole duplex adapters were used. Adapter-ligated DNA was purified twice with 0.8 volumes
of AMPure XP beads (Beckman Coulter) and eluted in 15 pl of 10 mM Tris-HCI (pH 8.0). The
amount of amplifiable fragments was estimated with real-time PCR as follows: 2 ul of a 1:10
diluted library aliquot was amplified in 10-pl reactions containing 1 pM NEBNext Universal
PCR Primer for Illumina (NEB), 1 uM NEB_mws20 primer (GTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATC*T; the asterisk indicates a phosphorothioate bond), 1x Kapa HiFi
HotStart Reaction Mix (Kapa Biosystems), and 1x EvaGreen Dye (Biotium). Reactions were
amplified in a CFX96 Real-Time PCR machine (Bio-Rad) at 98°C for 45 sec, 35 cycles of 98°C
for 15 sec, 65°C for 30 sec, and 72°C for 45 sec, followed by 72°C for 2 min and a melting
curve analysis. PCR products were additionally visualized on a 1.5% agarose gel to identify
samples containing residual amounts of adapter dimers. Samples in which adapter dimers
were still present were repurified with 0.8 volumes AMPure XP beads and requantified before
proceeding to the tag family PCR step. Tag family PCR reactions contained up to 14 pl of
adapter-ligated sample. If the Cq-value in the qPCR was approximately 24, all 14 pl of the sam-
ple was used as PCR template (sequencing with approximately 7 M paired-end reads resulted
in a family size of approximately 6-12, as previously suggested for duplex sequencing [48]).
For lower Cq-values, samples were diluted accordingly. First, 12 cycles of linear amplification
were performed (based on what is described in [93]) in 38-pl reactions: 14 pl (accordingly
diluted) DNA, 1x Kapa HiFi HotStart Reaction Mix (Kapa Biosystems), 1 uM NEB_mws20
primer at 98°C for 45 sec, 12 cycles of 98°C for 15 sec, 60°C for 30 sec, and 72°C for 45 sec, fol-
lowed by 72°C for 2 min. NEBNext Universal PCR Primer for Illumina (NEB) (1 uM) was
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added to each reaction, followed by amplification at 98°C for 45 sec, 9 cycles of 98°C for 15
sec, 65°C for 30 sec, and 72°C for 45 sec. PCR products were purified with 0.8 volumes
AMPure XP beads (Beckman Coulter) using the epMotion automated liquid handling system
(Eppendorf), and different indexes were added via PCR: in 50-ul reactions, 15 pl of purified
library was amplified with 1 pM NEBNext Universal PCR Primer for Illumina (NEB), 1 uM
NEBNext Indexing Primer, and (NEB) 1x Kapa HiFi HotStart Reaction Mix (Kapa Biosys-
tems) at 98°C for 45 sec, 11-15 cycles of 98°C for 15 sec, 65°C for 30 sec, and 72°C for 45 sec.
The number of required cycles was estimated depending on the amount of sample used as
input in the linear PCR. PCR products were purified with 0.8 volumes AMPure XP beads
(Beckman Coulter) using the epMotion automated liquid handling system (Eppendorf), their
quality checked with a Bioanalyzer High Sensitivity DNA Kit (Agilent), quantified with the
KAPA Library Quantification Kit (Kapa Biosystems) according to manufacturer’s instructions,
and pooled depending on the number of reads needed per sample to obtain a family size
around six. Sequencing was performed on an Illumina HiSeq 2500 platform obtaining 250-nt
paired-end reads.

Sample preparation, library preparation, and sequencing of (single)
oocytes

(Single) oocyte isolation. Oocytes were isolated from female CD-1 mice obtained from
the research colony maintained by Prof. Diaz at Penn State University. Mice were primed with
51U PMSG (National Hormone and Peptide Program, NIDDK) and euthanized 42-48 h later.
Somatic tissues (brain, muscle, heart, and liver) were collected and immediately frozen in lig-
uid nitrogen. Ovaries were placed in a 35-mm culture dish containing MEM-alpha (Life Tech-
nologies, Inc., Grand Island, NY) with Earles salts, 75 mg/1 penicillin G, 50 mg/1 streptomycin
sulfate, 0.23 mM pyruvate, and 3 mg/ml crystallized lyophilized bovine serum albumin.
Cumulus-oocyte complexes (COCs) were released from antral follicles by gentle puncture with
a syringe and needle and washed through three dishes of media. Fully grown denuded oocytes
(FGOs) were isolated from COCs by gentle pipetting to remove the cumulus cells. To prevent
spontaneous resumption of meiosis, oocytes were collected in medium containing the
PDE3A-specific inhibitor milrinone (10 uM). Individual oocytes were transferred to screw cap
tubes, frozen in liquid nitrogen, and stored at —80°C until library preparation.

Oocyte lysis, mtDNA enrichment, and enrichment estimation. The oocyte lysis proto-
col was modified from [94]: 4 pl of oocyte lysis buffer (50 mM Tris-HCI, pH 8.0 [Invitrogen]),
1 mM EDTA (pH 8.0) (Promega), 0.5% Polyoxyethylene (20) Sorbitan Monolaureate (Omni-
Pur), and 0.2 mg/ml Proteinase K (IBI Scientific) were added to a single oocyte in a low-bind-
ing tube (for oocyte pools, the volume was scaled up to have about six oocytes in 4 pl) and
incubated at 50°C for 15 min, followed by an overnight incubation at 37°C. Proteinase K was
then partially inactivated by incubating at 65°C for 30 min. In total, 1 mM ATP, 10 mM
MgCl,, and 10 mM Tris-HCI (pH 8.0) were added to obtain a final volume of 13 ul, and a 0.5-
ul aliquot was taken, diluted 1:10, and used to (approximately) estimate the mtDNA copy
number in the oocyte samples (since, occasionally, not the whole oocyte could be transferred
during the lysis step—e.g., if no liquid was visible in the single oocyte tube—the measured
mtDNA copy number likely underestimates the true number of mtDNA copies, as noted in
S17 Table). To the remaining sample, 5 U Exonuclease V (RecBCD) (NEB) was added, fol-
lowed by incubation at 37°C for 1-4 h for single oocytes and overnight for oocyte pools. The
efficiency of mtDNA enrichment was strongly dependent on the amount of media the oocytes
were stored in. Higher volumes of media resulted in less efficient enrichment, independent of
the incubation time. RNase A (Amresco) (10 ng) was added and incubated at 37°C for 15 min.
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Depending on the kit used for library preparation, TE buffer was added up to the final volume
of 26.5 (NEBNext Ultra II FS DNA Library Prep Kit for Illumina [NEB]) or 50.5 pl (NEBNext
Ultra IT DNA Library Prep Kit for Illumina [NEB]). Another 0.5-pl aliquot was taken and used
for mtDNA copy number estimation and mtDNA enrichment estimation. mtDNA enrich-
ment was estimated by real-time PCR as described for tissue samples above.

mtDNA copy number estimation. mtDNA copy numbers, used as a quality control for
our oocyte sequencing data, were estimated by qPCR amplifying a region of the mitochondrial
ND5 gene (F-mmND5-mtDNA: CCAACAACAACGACAATCTAATTC and R-mmND5-
mtDNA: TGATGGTAGTCATGGGTGGA [NC_005089.1: position 12,352-12,446]). One
1:10 dilution each of the directly lysed oocyte sample and mtDNA-enriched sample was used
as a template. Reactions contained 2 pl diluted DNA, 1x PowerUp SYBR Green Master Mix
(Thermo-Fisher Scientific), and 0.2 uM each primer and were amplified at 95°C for 2 min, 45
cycles of 95°C for 15 sec, 56°C for 20 sec, and 72°C for 30 sec, followed by 72°C for 2 min and
a melting curve analysis. A plasmid standard—the targeted ND5 region plus flanking bases
(pIDTSMART-AMP + NC_005089.1: position 12,297-12,496)—was included in each run at
concentrations of 10°% 10, 10% 10°, and 10> molecules per microliter. Sample measurements
were performed in duplicates, and standard measurements were performed in triplicates. Only
one measurement was taken for the enriched samples.

Duplex library preparation and sequencing. Library preparation was performed using
the NEBNext Ultra II FS DNA Library Prep Kit for Illumina (NEB) (enzymatic DNA fragmen-
tation) for the majority of single oocytes (as described in S17 Table) and using the NEBNext
Ultra II DNA Library Prep Kit for Illumina (NEB) (DNA fragmentation by ultrasonication)
for oocyte pools and for some single oocytes.

With the NEBNext Ultra I DNA Library Prep Kit for Illumina, starting with the oocyte
samples enriched for mtDNA, library preparation was performed as described for tissue sam-
ples, but with some modifications. In particular, instead of the adapter provided in the kit, 18
or 25 nmole duplex adapters were used for single oocytes or oocyte pools, respectively, for
adapter ligation. Since Cq-values of single oocyte samples were usually higher than 23, the
whole purified ligation reaction (14 ul) was used for subsequent steps, and the number of
needed sequencing reads was scaled accordingly. In the indexing PCR, libraries were amplified
with 10-19 cycles. The number of required cycles was estimated depending on the amount of
sample used as input in the linear PCR.

Library preparation with the NEBNext Ultra II FS DNA Library Prep Kit for Illumina was
performed according to manufacturer’s instructions using the 26-ul oocyte sample enriched
for mtDNA directly. A 5-min incubation time was used for DNA fragmentation, and the same
additional changes as described for the NEBNext Ultra II DNA Library Prep Kit for Illumina
were implemented.

Quality control of fragmentation methods. To ensure accuracy of our sequencing
results, we performed three quality control experiments/analyses. First, oocyte pool G139pl
was sequenced by applying Covaris and enzymatic DNA fragmentation in parallel. Although
no A>T/T>A mutations were detected in the Covaris-sheared sample, two T>A mutations
were detected in the enzymatically fragmented sample. After excluding these T>A mutations
(see also “Variant filtering” below), both samples displayed very similar mutation frequencies
(4.75 x 107 and 3.20 x 10~ for Covaris- and enzymatically fragmented samples, respectively).
The inherited heteroplasmies also showed similar frequencies with both methods (e.g., 26.7%
and 25.5%, 12.1% and 13.4%, and 9.7% and 8.8% for sites 133 [C/A], 6570 [G/A], and 6574 [T/
C] for Covaris and enzymatic fragmentation, respectively).

Second, we sequenced skeletal muscle tissue of a rhesus macaque using both fragmentation
methods. Similar to the mouse sample, no AT>TA mutations were detected in the Covaris-
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sheared sample, whereas two T>>A mutations were detected in the enzymatically fragmented
sample. After excluding these T>>A mutations, mutation frequencies were very similar—
1.28 x 107° and 1.39 x 10”° for Covaris-sheared and enzymatically fragmented samples,
respectively.

Third, we analyzed the trinucleotide context of mutations separately for Covaris- and enzy-
matically sheared samples (S17 Fig). This analysis did not show any significant differences
between the two methods—though it must be noted that we have limited power to detect sig-
nificant differences here because of the small number of mutations detected for each trinucleo-
tide context in each sample type and age group.

Consensus read formation with barcode error correction, read mapping,
and variant calling

SSCS and DCS consensus formation was performed in Galaxy [95] using the Du Novo pipeline
(version 2.14) including error correction of barcode sequences (S1 Fig) [51,52]. Quality of the
sequencing reads was verified using FastQC [96]. Errors in barcode sequences were corrected,
allowing up to three mismatches and requiring a minimum mapping quality of 20. A mini-
mum family size of three was required for SSCS formation, and a consensus nucleotide was
called if present in at least 70% of the reads as described in [48]. The overall workflow is shown
in S18 Fig.

Because of the high probability of introducing false-positive mutations (into both DNA
strands) toward the ends of DNA fragments during the end-preparation step of library prepa-
ration, the first 12 nts of the consensus reads were trimmed using trimmomatic (HEADCROP)
[97]. Trimmed DCSs and SSCSs were mapped to the mouse mtDNA reference genome
(NC_005089.1) using BWA-MEM [98].

Both pedigrees had a mtDNA sequence length of 16,300 bp, with an insertion of an A at
position 9,821.2 (TrnR) compared with the mouse mtDNA reference sequence and a T>C
transition at position 9,461 (ND3 gene). Additionally, each of the two pedigrees had a fixed dif-
ference from the reference sequence: G126 had an A>T transversion at position 5,537 (in the
COX1 gene), whereas G129 had a G>A transition at position 9,348 (in the COX3 gene). Those
fixed differences between the two pedigrees were used to check for cross-sample contamina-
tion during library preparation. None of the sequenced samples showed evidence of cross-
sample contamination.

mtDNA enrichment efficiency was estimated by calculating the percentage of sequences
mapping to the mtDNA reference. In addition to mapping to the whole mouse mtDNA refer-
ence, reads were also mapped to a relinearized reference sequence (consisting of positions
14,300-15,299 and 1-2,000) to minimize mapping bias at the edges from mapping a circular
genome to a linearized reference. Because an approximately 4-kb Numt with high identity to
the mtDNA is present in the mouse nuclear genome [99], mapping to the whole mouse
genome followed by filtering for primary alignments could not be applied (this would have led
to depletion of this whole region in the analysis).

Because most mutations were observed in only one molecule, and sometimes from samples
sequenced at a low depth (especially oocytes), overlapping sequences were clipped using the
clipOverlap function of bamUtil [100]. This assured accurate counts of mutations in indepen-
dent molecules and overall frequencies at specific sites. BAM files were filtered using the filter-
ing tool of BAMTools [101], requiring mapping quality >20, paired reads, proper read
pairing, and mapping of the mate sequence. Reads were left-aligned (Bam Left Align) to
realign the positional distribution of insertions and deletions present in the sequence. Variants
were called using the Naive Variant Caller (NVC) [102], using a minimum number of 1 read
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needed to consider a REF/ALT, minimum base quality of 20, minimum mapping quality of 50,
and ploidy of 1. Variants were annotated with the Variant Annotator tool in Galaxy [95] to
retain all nucleotide substitutions that were not an N (an N is introduced in the consensus
sequence if no nucleotide consensus can be formed unambiguously). From the alignment to
the whole mtDNA reference, only variants found at positions 501-14,799 were used in further
analyses. For the remaining positions, alignments to the relinearized reference sequence were
used to call variants at positions 1-500 and 14,800-15,299 of NC_005089.1. DCSs were used
for the initial variant calling and for de novo mutation analysis, whereas SSCSs were used in
addition to DCSs for the analysis of inherited heteroplasmies.

Variant filtering

If more than one variant was found in a read, a possible alignment to an alternative sequence
(e.g., Numt) was evaluated with BLASTn [103]. In most cases, those fragments represented
Numts, but in rare cases, they were caused by contamination with human DNA (S17 Table);
those variants were excluded from further analysis. For samples with low mtDNA enrichment
(<25%), all reads with a called mutation were evaluated with BLASTn to exclude potential var-
iants arising from Numts. The analysis of the mutation pattern in single oocytes showed the
presence of a high ratio of AT>TA mutations in samples prepared with the NEBNext Ultra II
FS DNA Library Prep Kit for Illumina (NEB) (including an enzymatic fragmentation step)
and, therefore, overall higher mutation frequencies. Single oocytes and oocyte pools prepared
with the NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB) (shearing of DNA with
the Covaris M220 machine) did not show this AT>TA mutation prevalence. Therefore, we
concluded that these represent false-positive mutations associated with the DNA fragmenta-
tion method and excluded this mutation type in enzymatically fragmented samples (this might
inadvertently have led to the exclusion of some true AT>TA mutations). The higher observed
ratio of transitions to transversions in single oocytes compared with oocyte pools (S7 Table)
can potentially be explained by this exclusion of AT/TA mutations in the enzymatically frag-
mented samples, which might have also led to the exclusion of true transversion mutations, as
well as by the lower number of mutations measured in oocyte pools.

Classification and filtering of putative tissue-specific de novo mutations

Variants were analyzed for their presence in different tissues/animals/pedigrees and classified
into early germline mutations (present in both somatic tissues of an animal, but absent in the
germline), inherited heteroplasmy (present in [both] somatic tissues and in oocytes or in addi-
tional family members), and all other variants (putative tissue-specific de novo mutations).
Putative tissue-specific de novo mutations were then further filtered based on their presence in
several (unrelated) samples in the two pedigrees, as described in more detail in S1 Note. Muta-
tions measured in >1 molecule per sample were only counted as a single mutation, assuming
that they result from a single mutation event (S18 Table). All variant calling and mutation fil-
tering steps are summarized in S19 Table.

Mutation frequency was computed as the number of mutations divided by the product of
mtDNA length (16,300 bp) and mean DCS depth across samples. For instance, we computed
the mutation frequency for brain in pups as 465 mutations divided by the product of mtDNA
length (16,300 bp) and of the sum of mean DCS sequencing depths in brain tissue of the indi-
vidual pups analyzed (i.e., 1,061,353,310 bp in total).
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Joint mixed-effects modeling

For each sample, we considered separately two different mtDNA compartments (inside and
outside the D-loop) and three mutation types (transversions, A>G/T>C transitions, and
C>T/G> A transitions). For each combination of mtDNA compartment and mutation type, a
mutation frequency was computed as the number of observed mutations (of that type) over
the number of nucleotides present in DCSs, in the considered mtDNA compartment and per
sample, that can present the mutation. For example, frequencies corresponding to A>G/T>C
transitions in the D-loop were computed as the number of A>G or T>>C mutations observed
in A and T nucleotides in the D-loop, divided by the number of A and T nucleotides in the D-
loop that were present in DCSs (as proxied by the mean depth DCS times the total number of
A and T nucleotides in D-loop). The data on single oocytes were combined per individual to
increase the total number of nucleotides sequenced. Observations with less than 200,000
nucleotides were discarded to avoid biases due to low sequencing depth. After this preprocess-
ing step, we retained 660 observations (out of 702).

The function glmer (from the R package Ime4) was employed to fit a generalized mixed-
effects linear model using a binomial family and a logit link. In particular, we considered the
mutation frequency as response and included the total number of nucleotides used to compute
the frequency as a weight when fitting the model. The variables age category (mothers or
pups), tissue (brain, muscle, single oocytes, or oocyte pools), mtDNA compartment (inside or
outside the D-loop), and mutation type (transversions, A>G/T>C transitions, or C>T/G>A
transitions) were included as categorical fixed-effect predictors, whereas individual ID was
included as a random effect in order to account for grouping of the observations correspond-
ing to the same individual. We employed Wald tests (provided by the summary of glmer
model) to assess the significance of each of the model coefficients (0 versus non-0), and Likeli-
hood ratio tests (based on Chi-squared distributions) to assess both the significance of each
fixed-effect categorical variable (function anova.merMod to test the full model against the
reduced model obtained by removing the fixed-effect variable) and the significance of the ran-
dom effect (function anova.merMod to test the full mixed-effect model against the corre-
sponding fixed-effect model). We used the function r.squaredGLMM (from the R package
MuMIn) to compute marginal and conditional pseudo-R* values (representing the variability
explained by the fixed effects and by the fixed and random effects together, respectively) based
on [104]. The relative contribution of a fixed-effect variable was measured through its partial
pseudo-R?, defined as

R2 o (1 - Rzed) - (1 - Rjz'ull)

partial — _n2 ’
1 Rred

where R}, is the marginal pseudo-R? of the full model, and R, is the marginal pseudo-R” of

the reduced model obtained by removing the fixed-effect variable.

The same fits and tests were employed for a mixed-effect model that, in addition to the four
fixed-effects categorical variables listed above, included two-way interactions between the vari-
able mutation type and each of the other three variables. Partial pseudo-R” values were com-
puted as above, considering the reduced model to be the one obtained by removing the fixed-
effect variable as well as the interactions involving it.

Analysis of inherited heteroplasmies

MAFs obtained from variant calling on DCSs were used in the analysis of inherited heteroplas-
mies. However, if the depth of the minor allele was <5 for DCSs, MAFs obtained from SSCS
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analysis were used. This allowed us to obtain a more reliable MAF in samples sequenced at low
depth and for low-frequency heteroplasmies (S19 Fig).

To show the reliability of duplex sequencing in measuring low heteroplasmy frequencies,
we performed control experiments by artificially mixing samples that harbor differences in
their mtDNA. Because we did not have mouse samples for which the mtDNA sequence dif-
fered at several sites, we used skeletal muscle tissue from two rhesus macaques (Rh098 and
Rh105), for which the mtDNA sequence differs at 14 fixed positions. Libraries were prepared
as described for mouse samples, and sequencing was performed on an Illumina NextSeq plat-
form (150 x 150 paired-end reads). To mimic low-input samples, we started library prepara-
tion with approximately 200,000 mtDNA copies (which is the number of mtDNA molecules
found in a single oocyte, as reported in the literature [16]). Samples were mixed at the follow-
ing percentages: 10% of Rh098 and 90% of Rh105 (two replicates), 1% of Rh098 and 99% of
Rh105 (two replicates), 0.2% of Rh098 and 99.8% of Rh105 (six replicates), 10% of Rh105 and
90% of Rh098 (two replicates), 1% of Rh105 and 99% of Rh098 (two replicates), and 0.2% of
Rh105 and 99.8% of Rh098 (six replicates)—see S20 Table. Heteroplasmy frequencies could be
reliably measured across all 14 sites and in all replicates. This demonstrates that the high vari-
ance in heteroplasmy frequency observed in oocytes does not result from the methodology
employed in our study or from the use of single-cell/low-input samples but rather reflects true
differences in heteroplasmy frequencies in single oocytes. By measuring a mixed frequency of
0.2%, we could also demonstrate our ability to detect such low heteroplasmy frequencies, espe-
cially when additionally analyzing SSCSs (19 out of 168 heteroplasmic sites at a mixed fre-
quency of 0.2% could not be detected in DCSs, but all of them could be detected in SSCSs).

mtDNA bottleneck calculation. The size of the effective germline mtDNA bottleneck
was estimated appropriately by modifying the population genetics approach developed by
Millar and colleagues and Hendy and colleagues in their penguin studies [57,58]. In detail, we
calculated the size of the effective mtDNA bottleneck N as follows. For each individual i and
position j we computed

i a2
ancyte or pup

where p;; is the mean allele frequency across brain and muscle in the mother. The denominator
is the mean squared deviation across n;; oocytes or pups for the same mouse and position,
which we computed as

nij ¢ _oocyteorpup 2
2 _ k (pijk - P 11)
oocyteorpup nij ’
where p*2?"/?* is the allele frequency for the k™ oocyte or pup. Then, we averaged the N;s to
ijk 7

obtain N. The 95% confidence intervals for the effective bottleneck size were generated by
bootstrapping (the Nj; values were sampled with replacement 1,000 times).

Estimation of the rate of nonsynonymous versus synonymous mutations

We calculated the hN/AS ratio as described in [36,53] to test for selection in the entire protein-
coding sequence (S2 Note). AN is the number of nonsynonymous variants per nonsynon-
ymous sites, and kS is the number of synonymous variants per synonymous site. The number
of nonsynonymous and synonymous sites was calculated using the Nei-Gojobori method
[105].
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Under neutrality, the AN/AS ratio is expected to be equal to one. An hN/hS ratio <1 is indic-
ative of some degree of purifying selection against mutations that lead to changes in the amino
acid sequence, whereas a ratio >1 can be suggestive of positive selection. The bootstrap
approach [53] was used to test whether the observed #N/AS deviates from neutral expectations:
the neutral distribution of hN/hS was generated by bootstrapping (100 replicates) from the
observed mutation spectrum (the code for calculations is provided in S2 Note).

Statistical analysis: Significance tests

One-sided permutation tests were performed to assess (1) whether the median mutation fre-
quencies were higher in mothers (older) than in pups (younger) for each of the different tissues
under analysis (100,000,000 permutations) and (2) whether the median normalized variance
frequencies of heteroplasmies were higher in mothers than in pups for somatic tissues or
oocytes (10,000 permutations). Here, quantities are reasonably expected to be larger in
mothers.

Significance of age-related increases after combining all mutations across samples belong-
ing to the same group (e.g., mutations in brain of pups) was assessed using the Fisher’s exact
test (function fisher.test from the stats package in R).

p-Values of all these pairwise tests were corrected for multiple comparisons (function p.
adjust from the stats package in R) using the method of Benjamini, Hochberg, and Yekutieli to
control the false discovery rate [106], as indicated in S4, S5, and S7-S10 Tables.

Supporting information

S$1 Fig. Duplex sequencing—Du Novo reference-free consensus formation with barcode
error correction. With duplex sequencing, double-stranded adapters containing a random
12-nt sequence are generated for Illumina sequencing and ligated to the double-stranded, frag-
mented DNA of interest. Each molecule ends up with a different combination of random
sequences on both ends. Adapter-ligated molecules are amplified and sequenced, producing
several sequenced reads per initial DNA strand. Reads are aligned according to their random
sequences, and consensus reads are formed, first for the single strands independently, SSCS,
and followed by the formation of a consensus of the two strands of a DNA duplex, DCS. The
duplex sequencing principle is described in detail by Schmitt and colleagues (Fig 1 in [46]).
The principle of Du Novo reference-free consensus formation with barcode error correction
[51,52] is shown here. Without aligning the paired-end sequencing reads to a reference
sequence, reads are directly aligned according to their random tag sequences, allowing for up
to three mismatches. Mismatches are corrected, and consensus sequences are formed as
described above, requiring at least three paired-end reads for the formation of a SSCS and
both SSCSs for the formation of a DCS. DCS, duplex consensus sequence; SSCS, single-strand
consensus sequence.

(TIF)

S2 Fig. General overview of sample and duplex library preparation, sequencing, consensus
formation, and variant calling. Total DNA was first extracted from somatic tissues and used as
input for enzymatic mtDNA enrichment. Single oocytes or oocyte pools were lysed and directly
used for the enrichment step. Duplex sequencing libraries were prepared and sequenced using
250-nt paired-end reads. Consensus formation was performed on Galaxy [95] using the Du
Novo pipeline [51,52], and consensuses were mapped to the mouse mtDNA reference sequence
(NC_005089.1) and further analyzed for variants. mtDNA, mitochondrial DNA.

(TIF)
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S3 Fig. mtDNA enrichment efficiency and sequencing depth. (A) The efficiency of mtDNA
enrichment shows a narrower distribution in somatic tissues compared with oocytes. Asterisks
indicate the median of the distribution. Larger amounts of medium in which oocytes were
stored reduce enrichment efficiency, resulting in oocytes with basically no, or very poor,
enrichment for samples with a large amount of medium. (B) Mean DCS sequencing depth for
mtDNA. A minimum mean mtDNA sequencing depth of 500x was targeted for DCS in
somatic tissues (this value in reality strongly depended on the efficiency of mtDNA enrich-
ment and is difficult to precisely estimate before tag family amplification during duplex library
preparation). For single oocytes, all molecules obtained during library preparation were used
as input for tag family PCR. For samples with poor enrichment only one-fourth to one-half of
the library was used because the majority of the DNA represented nuclear DNA, resulting in
samples with lower mtDNA sequencing depth. Asterisks indicate the median of the distribu-
tion. (C) The distribution of DCS sequencing depth across mtDNA for a typical sample (sam-
ples from mouse G131 are shown as an example). The raw data for the information depicted
in this figure are available at https://github.com/makovalab-psu/mouse-duplexSeq. DCS,
duplex consensus sequence; mtDNA, mitochondrial DNA.

(TTF)

S4 Fig. Mutations introduced during somatic or germline development. Early somatic
mutations (observed in both somatic tissues). Only one of them reached MAF >1% (in brain
of pup G132p1). The raw data for the information depicted in this figure are available at
https://github.com/makovalab-psu/mouse-duplexSeq. MAF, minor allele frequency.

(TIF)

S5 Fig. Mutation frequencies in germline and somatic tissues. (A) Nucleotide substitution
frequencies measured in individual oocytes of mothers and pups in the mouse pedigrees G126
and G129. Gray dots indicate a mean DCS sequencing depth <100x. Because of the low
sequencing depth, mutation frequencies might be biased toward extremely low or high values
(depending on the absence or presence of a mutation). (B) Mutation frequencies measured in
brain, muscles, single oocytes, and oocyte pools of mothers and pups, shown at a per-individ-
ual level. Only samples sequenced at a depth of at least 100x were included (all somatic tissues;
51 of 92 single oocytes; 21 of 24 oocyte pools) to ensure accurate mutation frequency measures.
For mutation frequency computation in single oocytes, the numbers of mutations and
sequenced nucleotides were combined across all oocytes measured for the same mouse. Per-
mutation test p-values are indicated (one-sided test based on medians; 100,000,000 permuta-
tions; corrected for multiple testing). (C) Mutation frequencies in the total mtDNA measured
in brain, muscle, and oocytes (single oocytes and oocyte pools combined) of mothers and pups
aggregated for all individuals of an age group. Difference between pups and mothers in each
category was tested using Fisher’s exact test; *p < 0.05, **p < 0.01, ***p < 0.001. The raw data
for the information depicted in this figure are available at https://github.com/makovalab-psu/
mouse-duplexSeq. DCS, duplex consensus sequence; mtDNA, mitochondrial DNA.

(TTF)

S6 Fig. Mutation frequencies in the different mtDNA regions. Mutation frequencies are
shown for (A) mothers and (B) pups for the different regions along the mtDNA. Mutations
frequencies in the tRNA coding regions (green) were aggregated. The raw data for the infor-
mation depicted in this figure are available at https://github.com/makovalab-psu/mouse-
duplexSeq. mtDNA, mitochondrial DNA.

(TIF)
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S7 Fig. Mutations in protein coding genes. (A) Mutation frequencies within the different
protein coding genes in brain, muscle, and oocytes of mothers and pup. (B) Distribution of
nonsynonymous mutations (red), lost start codons (green), gained stop codons (gray), lost
stop codons (yellow), and synonymous mutations (blue) within the different genes. The level
of transparency represents the total number of mutations found in a gene, ranging from 1 to
47. The raw data for the information depicted in this figure are available at https://github.com/
makovalab-psu/mouse-duplexSeq.

(TIF)

S8 Fig. Mutation frequencies at CpG sites. Significance of differences between mutation
frequencies in mothers and pups was tested using Fisher’s exact test; * p < 0.05, ** p < 0.01,
*** p<0.001; corrected for multiple testing. The raw data for the information depicted in this
figure are available at https://github.com/makovalab-psu/mouse-duplexSeq.

(TIF)

S9 Fig. Trinucleotide context of mutations. The trinucleotide context is shown for mutations
in brain, muscle, and oocytes in mothers and pups, respectively. The nucleotide context (e.g.,
ACA) is only listed for one strand, but it represents the context on both strands (e.g., ACA for
C>A mutations on one strand, and TGT for G>T mutations on the second strand). No signif-
icant differences in the trinucleotide context of mutations between mothers and pups was
observed for brain, muscle, and oocytes (p = 1, p = 1, and p = 1, respectively; Pearson’s chi-
squared test of independence with Monte Carlo simulations). The raw data for the information
depicted in this figure are available at https://github.com/makovalab-psu/mouse-duplexSeq.
(TIF)

$10 Fig. Different types of mutations accumulate with age inside and outside the D-loop.
(A) Frequencies of different mutation types in the D-loop in pups and mothers. (B) Frequen-
cies of different mutation types outside the D-loop in pups and mothers. Significance of differ-
ences between mothers and pups was tested using Fisher’s exact test; “p < 0.05, **p < 0.01,
***p < 0.001; corrected for multiple testing. The raw data for the information depicted in this
figure are available at https://github.com/makovalab-psu/mouse-duplexSeq.

(TTF)

S11 Fig. Nucleotide substitutions accumulate asymmetrically on the two DNA strands. We
observe an asymmetric distribution of different mutation types between the L-strand (contain-
ing more cytosines than guanines) and H-strand of mtDNA, as shown previously for human
brain [28]. The substitution type is shown relative to the reference sequence (representing L-
strand) of mtDNA. Significance of differences between mutations on different strands was
tested using Fisher’s exact test; “p < 0.05, **p < 0.01, ***p < 0.001; corrected for multiple test-
ing. The raw data for the information depicted in this figure are available at https://github.
com/makovalab-psu/mouse-duplexSeq. H-strand, heavy strand; L-strand, light strand;
mtDNA, mitochondrial DNA.

(TIF)

$12 Fig. Asymmetric accumulation of mutation types with age between light and heavy
strands of mtDNA. (A) Mutation frequencies of different mutation types in the D-loop in
brain, muscle, and oocytes. (B) Mutation frequencies of different mutation types outside the
D-loop in brain, muscle, and oocytes. Significance of differences between different strands was
tested using Fisher’s exact test; *p < 0.05, **p < 0.01, ***p < 0.001; corrected for multiple test-
ing. The raw data for the information depicted in this figure are available at https://github.
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com/makovalab-psu/mouse-duplexSeq. mtDNA, mitochondrial DNA.
(TIF)

$13 Fig. Occurrence and transmission of inherited heteroplasmies in the two pedigrees
(G129 and G126). Red numbers in italics indicate the IDs of the mothers. Circles indicate
females, squares indicate males, and diamonds indicate oocytes (all single oocytes and oocyte
pools were considered together). Different color fillings show the presence of different hetero-
plasmic sites within individuals (or all oocytes). The position of a heteroplasmic site is shown
in the corresponding color when first observed within a pedigree. Positions are highlighted in
yellow when first observed in mothers and in gray when first observed in pups. ID, identifier.
(TIF)

S14 Fig. MAFs observed for inherited heteroplasmy groups separated by their occurrence
in pedigrees. MAFs are shown for heteroplasmic sites separated by tissue (brain, muscle, sin-
gle oocyte, and oocyte pool) and based on their occurrence in the pedigrees. Blue: heteroplas-
mies shared by several mothers and their pups of a pedigree (thus were likely also present in
the grandmother); green: heteroplasmies shared by a mother and some of her pups (thus likely
originated in the mother or grandmother), with dark green showing heteroplasmies observed
in mothers (in which they are observed first) and light green showing heteroplasmies observed
in pups (in which they are inherited); red: heteroplasmies present in both somatic tissues and
oocytes of one or several pups but absent from their mothers (these mutations likely originated
in the germline of the mothers and were inherited by the pups). The raw data for the informa-
tion depicted in this figure are available at https://github.com/makovalab-psu/mouse-
duplexSeq. MAF, minor allele frequency.

(TIF)

S15 Fig. Heteroplasmy frequencies across individual oocytes and pups. Heteroplasmy
MAFs of single oocytes plotted against the average MAF in brain and muscle of the corre-
sponding mouse. The raw data for the information depicted in this figure are available at
https://github.com/makovalab-psu/mouse-duplexSeq. MAF, minor allele frequency.
(TIF)

$16 Fig. Relationship between normalized variance and age. (A) Normalized variance (vari-
ance divided by p(1 — p), where p is the average allele frequency between somatic tissues or
among single oocytes) of heteroplasmy MAFs in brain and muscle in pups and mothers. (B)
Normalized variance of heteroplasmy MAFs in single oocytes of a mouse in pups and mothers.
One-sided permutation test (medians; 10,000 permutations): p = 0.478 in (A) and p = 0.047 in
(B). The raw data for the information depicted in this figure are available at https://github.
com/makovalab-psu/mouse-duplexSeq. MAF, minor allele frequency.

(TTF)

$17 Fig. Trinucleotide context of mutations in Covaris- and enzymatically sheared sam-
ples. Because of the small number of mutations detected for each trinucleotide context in a
sample type and age group, we do not have much power to detect differences between the used
fragmentation methods. To statistically test for differences, we performed a Pearson’s chi-
squared test of independence with Monte Carlo simulations (we can only compute p-values
using simulations because the assumptions of the chi-squared approximation are not met).
We did not observe any significant differences in the trinucleotide context of mutations
between Covaris- and enzymatically sheared samples (p = 0.409 and p = 0.194 for mothers and
pups, respectively). The raw data for the information depicted in this figure are available at
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https://github.com/makovalab-psu/mouse-duplexSeq.
(TIF)

$18 Fig. Du Novo consensus formation in Galaxy [95].
(TIF)

S19 Fig. Correlation of heteroplasmy MAFs measured in DCSs and SSCSs. The x- and y-
axes show MAFs for inherited heteroplasmies measured from DCSs and SSCSs, respectively.
(A) When only considering heteroplasmies for which the minor allele was measured in at least
five DCSs, measured frequencies correlate very well in mothers as well as pups. (B) Heteroplas-
mies for which the minor allele was measured in less than five DCSs show a lower correlation
between DCS and SSCS, likely resulting from the large confidence interval of the DCS MAFs
due to the small number of molecules analyzed. Because the number of measured molecules in
duplex sequencing is at least 3x higher for SSCSs, heteroplasmy MAFs from SSCSs is likely
more accurate. Therefore, for these sites, MAFs measured from SSCSs were used in subsequent
analyses (as indicated in S3 Table). The raw data for the information depicted in this figure are
available at https://github.com/makovalab-psu/mouse-duplexSeq. DCS, duplex consensus
sequence; MAF, minor allele frequency; SSCS, single-strand consensus sequence.

(TIF)

S1 Table. Age of individual mice in the two pedigrees (G129 and G126) at the time of tissue
collection. A or B after the sample name indicates pups from two different litters.
(XLSX)

S2 Table. Duplex sequencing summary. Summary of the samples sequenced for different
sample types, including sequencing depth, and mtDNA enrichment efficiency. mtDNA, mito-
chondrial DNA.

(XLSX)

S3 Table. Tissue-specific variants found in >1 DCS (more than one mtDNA molecule in a
sample; indicated as >1 DCS in the column called “notes”), early somatic mutations
(found in both somatic tissues but not transmitted to the next generation or oocytes), and
all inherited heteroplasmies. DCS, duplex consensus sequence; mtDNA, mitochondrial
DNA.

(XLSX)

$4 Table. Mutation frequencies analyzed for different functional regions of mtDNA in
mothers and pups. The D-loop and noncoding region are listed separately to allow for better
comparison to reported results on the D-loop region solely. The D-loop region in mouse
mtDNA has a size of 877 bp compared with 934 bp considering all noncoding regions. p-Val-
ues were corrected for multiple testing (separately for mother versus pup comparisons and D-
loop versus non-D-loop comparisons) using the method of Benjamini-Hochberg to control
the false discovery rate. mtDNA, mitochondrial DNA.

(XLSX)

S5 Table. Comparison of mutation frequencies among different mtDNA regions. Pairwise
comparisons were performed with the FET, and p-values were corrected for multiple testing
using the method of Benjamini-Hochberg to control the false discovery rate. FET, Fisher’s
exact test; mtDNA, mitochondrial DNA.

(XLSX)

S6 Table. Observed versus expected numbers of de novo mutations and inherited hetero-
plasmies. (A) Somatic and germline mutations in mothers. (B) Somatic and germline
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mutations in pups. (C) Inherited heteroplasmies. p-Values were calculated with a two-sided
binomial test. The actual sequence of the two pedigrees (including one insertion compared
with the reference sequence) was used. The observed numbers of variants and the numbers
expected under random and neutral expectations (based on the frequency at specific sites) are
shown. (D, E) One-sided binomial test to test whether mutation frequencies observed in the
D-loop are significantly greater than expected by chance.

(XLSX)

S7 Table. Frequencies of different mutation types in somatic tissues and oocytes. p-Values
were corrected for multiple testing (separately for mother versus pup comparisons for different
mutations types, mother versus pup comparisons of Ti and Tv, and CpG versus nonCpG com-
parisons) using the method of Benjamini-Hochberg to control the false discovery rate. The “nt
sequenced (type)” is the number of sequenced nucleotides that can effectively lead to the
observed mutation type. Ti, transition; Tv, transversion.

(XLSX)

S8 Table. Frequencies of different mutation types in somatic tissues and oocytes of moth-
ers and pups analyzed separately for the D-loop and outside the D-loop. p-Values (Fisher’s
exact test) were corrected for multiple testing using the method of Benjamini-Hochberg to
control the false discovery rate. The “nt sequenced (type)” is the number of sequenced nucleo-
tides that can effectively lead to the observed mutation type.

(XLSX)

S9 Table. Analysis of strand-biased mutation accumulation. p-Values for differences in
mutation frequencies of the two complementary mutation types (strand bias) were calculated
with FET and corrected for multiple testing using the method of Benjamini-Hochberg to con-
trol the false discovery rate. The “nt sequenced (type™ is the number of sequenced nucleotides
that can effectively lead to the observed mutation type. FET, Fisher’s exact test.

(XLSX)

§10 Table. Comparison of strand-biased mutation accumulation in the D-loop versus out-
side the D-loop (non-D-loop). p-Values for differences in mutations frequencies of the two
complementary mutation types, as well as between the D-loop and outside the D-loop (non-
D-loop) were calculated with FET and corrected for multiple testing using the method of Ben-
jamini-Hochberg to control the false discovery rate (separate for strand- and D-loop/non-D-
loop comparisons). The “nt sequenced (type)” is the number of sequenced nucleotides that
can effectively lead to the observed mutation type. FET, Fisher’s exact test.

(XLSX)

S11 Table. Mixed-effects logistic regression model without interactions. Fixed effects: age
category (mother, pup), tissue (brain, muscle, oocyte pool, single oocyte [combined across all
oocytes measured for a mouse]), mtDNA compartment (D-loop, non-D-loop), mutation type
(transversion, A>G and T>C transitions, C>T and G>A transitions). Baseline for fixed
effects: age category, mother; tissue, brain; mtDNA compartment, D-loop; mutations type,
transversion. Random effects: mouse ID (multiple observations are related to the same individ-
ual, 36 individuals in total). Response: mutation frequency, with weights given by the number
of nucleotides corresponding to each observation. Marginal psuedo-R* (represents the vari-
ance explained by the fixed effects): 22.82%. Conditional pseudo-R* (represents the variance
explained by both fixed and random effects): 23.53%. Odds ratio: odds of having a mutation
for the corresponding category divided by the odds of having a mutation for the baseline cate-
gory (odds is defined as the probability of a nucleotide to be mutated, divided by the
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probability of not being mutated). ID, identifier; mtDNA, mitochondrial DNA.
(XLSX)

S12 Table. Mixed-effects logistic regression model with interactions. Fixed effects: age cate-
gory (mother, pup), tissue (brain, muscle, oocyte pool, single oocyte [combined across all
oocytes measured for a mouse]), mtDNA compartment (D-loop, non-D-loop), mutation type
(transversion, A>G and T>C transitions, C>T and G> A transitions), and interactions
between mutation type (transversion, A>G and T>C transitions, C>T and G>A transitions)
and each of the other variables. Baseline for fixed effects: age category, mother; tissue, brain;
mtDNA compartment, D-loop; mutations type, transversion. Random effects: mouse ID (mul-
tiple observations are related to the same individual, 36 individuals in total). Response: muta-
tion frequency, with weights given by the number of nucleotides corresponding to each
observation. Marginal pseudo-R? (represents the variance explained by the fixed effects):
23.31%. Conditional pseudo-R” (represents the variance explained by both fixed and random
effects): 24.02%. Interactions are significant (chi-squared test for comparison between full and
reduced model): p-value = 1.3e-30. ID, identifier; mtDNA, mitochondrial DNA.

(XLSX)

$13 Table. Heteroplasmic sites (inherited heteroplasmies) in the two mouse pedigrees.
(XLSX)

S14 Table. Heteroplasmies present either in two generations of a pedigree or in both
somatic and germline tissues of an individual (i.e., inherited heteroplasmies).
(XLSX)

S15 Table. Calculation of correlations for inherited heteroplasmies between (A) mean
MAF of heteroplasmies in brain compared with the mean MAF in muscle for pups; (B)
mean MAF of heteroplasmies in brain compared with the mean MAF in muscle for moth-
ers; (C) mean MAF of heteroplasmies in all single oocytes analyzed for a pup compared
with the mean MAF of both somatic tissues of the corresponding pup; and (D) mean MAF
of heteroplasmies in all single oocytes analyzed for a mother compared with the mean
MAF of both somatic tissues of the corresponding mother after downsampling to equal
sample sizes. Random downsampling was performed 10x for each correlation calculation, and
the mean of all obtained values was computed. (C,D) The analysis was either performed after
excluding samples for which only one or two single oocytes were measured at sufficient
sequencing depth (table on top) or when including all samples independent of the number of
single oocytes (bottom table). MAF, minor allele frequency.

(XLSX)

$16 Table. Estimating germline bottleneck.
(XLSX)

$17 Table. Overview of all sequenced libraries. Duplex sequencing libraries for brain and
muscle of 36 mice, liver of seven mice, and heart of one mouse, as well as 92 single oocytes and
24 oocyte pools. A total of five HiSeq 2500 runs were performed, labeled
mm_DS01-mm_DS05. To increase the mtDNA sequencing depth, a second library was occa-
sionally prepared for the same sample and sequenced in another run. For most single oocytes,
enzymatic fragmentation, which is part of the NEB Ultra II FS DNA Library Preparation Kit,
was used for DNA fragmentation (indicated with FS in column “fragmentation”); for somatic
tissues, some single oocytes, and oocyte pools, shearing on a Covaris M220 machine was per-
formed (indicated with CV in column “fragmentation”). Numbers of putative tissue-specific
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mutations are shown after filtering (as described in S1 Note). mtDNA, mitochondrial DNA.
(XLSX)

S18 Table. Complete list of de novo mutations measured in the two mouse pedigrees. The
table contains all putative de novo mutations, independent of the number of samples in which
a mutation is found (indicated in the last column). Only mutations occurring in less than four
samples were included in the final analysis (see S2 Note). Early somatic mutations (present in
both somatic tissues, but absent in the germline) are separately listed in S3 Table.

(XLSX)

$19 Table. Variant calling and de novo mutation filtering steps.
(XLSX)

$20 Table. Artificial mixtures of different heteroplasmy frequencies. Two rhesus macaque
samples differing in 14 fixed sites, and two heteroplasmic sites (one in each macaque; shown
in green) were mixed at different ratios (10%, two replicates; 1%, two replicates; and 0.2%, six
replicates). The mean and STDEV across all sites were calculated without the heteroplasmic
sites. Nineteen out of 168 heteroplasmic sites at a mixed frequency of about 0.2% could not be
detected in DCSs (MAFs) shown in red), but all of them were present in SSCSs. DCS, duplex
consensus sequence MAF, minor allele frequency; SSCS, single-strand consensus sequence;
STDEV, standard deviation.

(XLSX)

S1 Note. Filtering of tissue-specific mutations based on their occurrence in the two pedi-

grees.
(PDF)

S2 Note. Selection analysis: hN/hS statistics.
(PDF)

S3 Note. Selection analysis: phastCons scores.
(PDF)

S4 Note. Mutations in regulatory D-loop regions.
(PDF)

Acknowledgments

We are grateful to Irene Tiemann-Boege for helpful discussions regarding the development of
the library preparation protocol for single oocytes, to Kristin Eckert for reading the manu-
script, and to Kristin Eckert and Suzanne Hile for their help in establishing the duplex
sequencing method in the Makova laboratory.

Author Contributions

Conceptualization: Francesca Chiaromonte, Kateryna D. Makova.

Formal analysis: Barbara Arbeithuber, Marzia A. Cremona, Nicholas Stoler, Arslan Zaidi.
Funding acquisition: Kateryna D. Makova.

Investigation: Barbara Arbeithuber, James Hester, Bonnie Higgins, Kate Anthony, Francisco
J. Diaz.

Methodology: Barbara Arbeithuber, James Hester, Nicholas Stoler, Francisco J. Diaz.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 31/37


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s037
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s038
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s039
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s040
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s041
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s042
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000745.s043
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

Project administration: Bonnie Higgins.

Resources: Kateryna D. Makova.

Software: Nicholas Stoler.

Supervision: Francisco J. Diaz, Kateryna D. Makova.

Validation: Barbara Arbeithuber.

Visualization: Barbara Arbeithuber.

Writing - original draft: Barbara Arbeithuber, Kateryna D. Makova.

Writing - review & editing: Barbara Arbeithuber, Marzia A. Cremona, Francesca Chiaro-
monte, Francisco J. Diaz, Kateryna D. Makova.

References

1.

10.

11.

12

13.

14.

Hodgkinson A, Eyre-Walker A. Variation in the mutation rate across mammalian genomes. Nature
Reviews Genetics. 2011. pp. 756-766. https://doi.org/10.1038/nrg3098 PMID: 21969038

Halldorsson BV, Palsson G, Stefansson OA, Jonsson H, Hardarson MT, Eggertsson HP, et al. Char-
acterizing mutagenic effects of recombination through a sequence-level genetic map. Science.
2019;363. https://doi.org/10.1126/science.aau1043 PMID: 30679340

Kessler MD, Loesch DP, Perry JA, Heard-Costa NL, Taliun D, Cade BE, et al. De novo mutations
across 1,465 diverse genomes reveal mutational insights and reductions in the Amish founder popula-
tion. Proc Natl Acad Sci U S A. 2020; 117: 2560—2569. https://doi.org/10.1073/pnas.1902766117
PMID: 31964835

Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, et al. Rate of de novo muta-
tions and the importance of father’s age to disease risk. Nature. 2012; 488: 471-475. https://doi.org/
10.1038/nature11396 PMID: 22914163

Jonsson H, Sulem P, Kehr B, Kristmundsdottir S, Zink F, Hjartarson E, et al. Parental influence on
human germline de novo mutations in 1,548 trios from Iceland. Nature. 2017; 549: 519-522. https://
doi.org/10.1038/nature24018 PMID: 28959963

Goldmann JM, Wong WSW, Pinelli M, Farrah T, Bodian D, Stittrich AB, et al. Parent-of-origin-specific
signatures of de novo mutations. Nat Genet. 2016; 48: 935-939. https://doi.org/10.1038/ng.3597
PMID: 27322544

Wong WSW, Solomon BD, Bodian DL, Kothiyal P, Eley G, Huddleston KC, et al. New observations on
maternal age effect on germline de novo mutations. Nat Commun. 2016; 7: 10486. https://doi.org/10.
1038/ncomms10486 PMID: 26781218

Conrad DF, Keebler JEM, DePristo MA, Lindsay SJ, Zhang Y, Casals F, et al. Variation in genome-
wide mutation rates within and between human families. Nat Genet. 2011; 43: 712-714. https://doi.
org/10.1038/ng.862 PMID: 21666693

Rahbari R, Wuster A, Lindsay SJ, Hardwick RJ, Alexandrov LB, Turki SA, et al. Timing, rates and
spectra of human germline mutation. Nat Genet. 2016; 48: 126—133. https://doi.org/10.1038/ng.3469
PMID: 26656846

Katju V, Bergthorsson U. Old Trade, New Tricks: Insights into the Spontaneous Mutation Process
from the Partnering of Classical Mutation Accumulation Experiments with High-Throughput Genomic
Approaches. Genome Biol Evol. 2019; 11: 136—165. https://doi.org/10.1093/gbe/evy252 PMID:
30476040

Ameur A, Stewart JB, Freyer C, Hagstrom E, Ingman M, Larsson N-G, et al. Ultra-deep sequencing of
mouse mitochondrial DNA: mutational patterns and their origins. PLoS Genet. 2011; 7: €1002028.
https://doi.org/10.1371/journal.pgen.1002028 PMID: 21455489

Uchimura A, Higuchi M, Minakuchi Y, Ohno M, Toyoda A, Fujiyama A, et al. Germline mutation rates
and the long-term phenotypic effects of mutation accumulation in wild-type laboratory mice and muta-
tor mice. Genome Res. 2015; 25: 1125—-1134. https://doi.org/10.1101/gr.186148.114 PMID:
26129709

Fox EJ, Reid-Bayliss KS. Accuracy of Next Generation Sequencing Platforms. Journal of Next Gener-
ation Sequencing & Applications. 2014. https://doi.org/10.4172/2469-9853.1000106

Lynch M. Evolution of the mutation rate. Trends in Genetics. 2010. pp. 345—-352. https://doi.org/10.
1016/j.tig.2010.05.003 PMID: 20594608

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 32/37


https://doi.org/10.1038/nrg3098
http://www.ncbi.nlm.nih.gov/pubmed/21969038
https://doi.org/10.1126/science.aau1043
http://www.ncbi.nlm.nih.gov/pubmed/30679340
https://doi.org/10.1073/pnas.1902766117
http://www.ncbi.nlm.nih.gov/pubmed/31964835
https://doi.org/10.1038/nature11396
https://doi.org/10.1038/nature11396
http://www.ncbi.nlm.nih.gov/pubmed/22914163
https://doi.org/10.1038/nature24018
https://doi.org/10.1038/nature24018
http://www.ncbi.nlm.nih.gov/pubmed/28959963
https://doi.org/10.1038/ng.3597
http://www.ncbi.nlm.nih.gov/pubmed/27322544
https://doi.org/10.1038/ncomms10486
https://doi.org/10.1038/ncomms10486
http://www.ncbi.nlm.nih.gov/pubmed/26781218
https://doi.org/10.1038/ng.862
https://doi.org/10.1038/ng.862
http://www.ncbi.nlm.nih.gov/pubmed/21666693
https://doi.org/10.1038/ng.3469
http://www.ncbi.nlm.nih.gov/pubmed/26656846
https://doi.org/10.1093/gbe/evy252
http://www.ncbi.nlm.nih.gov/pubmed/30476040
https://doi.org/10.1371/journal.pgen.1002028
http://www.ncbi.nlm.nih.gov/pubmed/21455489
https://doi.org/10.1101/gr.186148.114
http://www.ncbi.nlm.nih.gov/pubmed/26129709
https://doi.org/10.4172/2469-9853.1000106
https://doi.org/10.1016/j.tig.2010.05.003
https://doi.org/10.1016/j.tig.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20594608
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lindsay SJ, Rahbari R, Kaplanis J, Keane T, Hurles ME. Similarities and differences in patterns of
germline mutation between mice and humans. Nat Commun. 2019; 10: 4053. https://doi.org/10.1038/
$41467-019-12023-w PMID: 31492841

Shoubridge EA, Wai T. Mitochondrial DNA and the Mammalian Oocyte. The Mitochondrion in the
Germline and Early Development. 2007. pp. 87-111. https://doi.org/10.1016/s0070-2153(06)77004-1

Maclaine KD, Stebbings KA, Llano DA, Rhodes JS. Voluntary wheel running has no impact on brain
and liver mitochondrial DNA copy number or mutation measures in the PolG mouse model of aging.
PLoS ONE. 2020; 15: €0226860. https://doi.org/10.1371/journal.pone.0226860 PMID: 32119683

Miller FJ, Rosenfeldt FL, Zhang C, Linnane AW, Nagley P. Precise determination of mitochondrial
DNA copy number in human skeletal and cardiac muscle by a PCR-based assay: lack of change of
copy number with age. Nucleic Acids Res. 2003; 31: e61. https://doi.org/10.1093/nar/gng060 PMID:
12771225

Bujak AL, Crane JD, Lally JS, Ford RJ, Kang SJ, Rebalka IA, et al. AMPK activation of muscle autop-
hagy prevents fasting-induced hypoglycemia and myopathy during aging. Cell Metab. 2015; 21: 883—
890. https://doi.org/10.1016/j.cmet.2015.05.016 PMID: 26039451

Frahm T, Mohamed SA, Bruse P, Gemiind C, Oehmichen M, Meissner C. Lack of age-related
increase of mitochondrial DNA amount in brain, skeletal muscle and human heart. Mech Ageing Dev.
2005; 126: 1192-1200. https://doi.org/10.1016/j.mad.2005.06.008 PMID: 16099018

Taylor RW, Turnbull DM. Mitochondrial DNA mutations in human disease. Nat Rev Genet. 2005; 6:
389-402. https://doi.org/10.1038/nrg1606 PMID: 15861210

Ross JM, Stewart JB, Hagstrom E, Brené S, Mourier A, Coppotelli G, et al. Germline mitochondrial
DNA mutations aggravate ageing and can impair brain development. Nature. 2013; 501: 412—415.
https://doi.org/10.1038/nature 12474 PMID: 23965628

Di Monte DA. Mitochondrial DNA and Parkinson’s disease. Neurology. 1991; 41: 38-42; discussion
42-3. https://doi.org/10.1212/wnl.41.5_suppl_2.38 PMID: 1904141

Grazina M, Pratas J, Silva F, Oliveira S, Santana |, Oliveira C. Genetic basis of Alzheimer's dementia:
role of mtDNA mutations. Genes Brain Behav. 2006; 5 Suppl 2: 92—-107. https://doi.org/10.1111/j.
1601-183X.2006.00225.x PMID: 16681804

Wallace DC, Chalkia D. Mitochondrial DNA genetics and the heteroplasmy conundrum in evolution
and disease. Cold Spring Harb Perspect Biol. 2013; 5: a021220. https://doi.org/10.1101/cshperspect.
2021220 PMID: 24186072

Rebolledo-Jaramillo B, Su MS-W, Stoler N, McElhoe JA, Dickins B, Blankenberg D, et al. Maternal
age effect and severe germ-line bottleneck in the inheritance of human mitochondrial DNA. Proc Natl
Acad Sci U S A. 2014; 111: 15474—15479. https://doi.org/10.1073/pnas.1409328111 PMID:
25313049

Wei W, Tuna S, Keogh MJ, Smith KR, Aitman TJ, Beales PL, et al. Germline selection shapes human
mitochondrial DNA diversity. Science. 2019;364. https://doi.org/10.1126/science.aay2204 PMID:
31624212

Kennedy SR, Salk JJ, Schmitt MW, Loeb LA. Ultra-sensitive sequencing reveals an age-related
increase in somatic mitochondrial mutations that are inconsistent with oxidative damage. PLoS Genet.
2013; 9: e1003794. https://doi.org/10.1371/journal.pgen.1003794 PMID: 24086148

Williams SL, Mash DC, Zichner S, Moraes CT. Somatic mtDNA mutation spectra in the aging human
putamen. PLoS Genet. 2013; 9: €1003990. hitps://doi.org/10.1371/journal.pgen.1003990 PMID:
24339796

Zhang J, Asin-Cayuela J, Fish J, Michikawa Y, Bonafe M, Olivieri F, et al. Strikingly higher frequency
in centenarians and twins of mMtDNA mutation causing remodeling of replication origin in leukocytes.
Proc Natl Acad Sci U S A. 2003; 100: 1116—1121. https://doi.org/10.1073/pnas.242719399 PMID:
12538859

Vermulst M, Bielas JH, Kujoth GC, Ladiges WC, Rabinovitch PS, Prolla TA, et al. Mitochondrial point
mutations do not limit the natural lifespan of mice. Nature Genetics. 2007. pp. 540-543. https://doi.org/
10.1038/ng1988 PMID: 17334366

Khaidakov M, Heflich RH, Manjanatha MG, Myers MB, Aidoo A. Accumulation of point mutations in
mitochondrial DNA of aging mice. Mutat Res. 2003; 526: 1-7. https://doi.org/10.1016/s0027-5107(03)
00010-1 PMID: 12714177

MaH, Lee Y, Hayama T, Van Dyken C, Marti-Gutierrez N, Li Y, et al. Germline and somatic mtDNA
mutations in mouse aging. PLoS ONE. 2018. p. €0201304. https://doi.org/10.1371/journal.pone.
0201304 PMID: 30040856

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 33/37


https://doi.org/10.1038/s41467-019-12023-w
https://doi.org/10.1038/s41467-019-12023-w
http://www.ncbi.nlm.nih.gov/pubmed/31492841
https://doi.org/10.1016/s0070-2153(06)77004-1
https://doi.org/10.1371/journal.pone.0226860
http://www.ncbi.nlm.nih.gov/pubmed/32119683
https://doi.org/10.1093/nar/gng060
http://www.ncbi.nlm.nih.gov/pubmed/12771225
https://doi.org/10.1016/j.cmet.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26039451
https://doi.org/10.1016/j.mad.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16099018
https://doi.org/10.1038/nrg1606
http://www.ncbi.nlm.nih.gov/pubmed/15861210
https://doi.org/10.1038/nature12474
http://www.ncbi.nlm.nih.gov/pubmed/23965628
https://doi.org/10.1212/wnl.41.5_suppl_2.38
http://www.ncbi.nlm.nih.gov/pubmed/1904141
https://doi.org/10.1111/j.1601-183X.2006.00225.x
https://doi.org/10.1111/j.1601-183X.2006.00225.x
http://www.ncbi.nlm.nih.gov/pubmed/16681804
https://doi.org/10.1101/cshperspect.a021220
https://doi.org/10.1101/cshperspect.a021220
http://www.ncbi.nlm.nih.gov/pubmed/24186072
https://doi.org/10.1073/pnas.1409328111
http://www.ncbi.nlm.nih.gov/pubmed/25313049
https://doi.org/10.1126/science.aay2204
http://www.ncbi.nlm.nih.gov/pubmed/31624212
https://doi.org/10.1371/journal.pgen.1003794
http://www.ncbi.nlm.nih.gov/pubmed/24086148
https://doi.org/10.1371/journal.pgen.1003990
http://www.ncbi.nlm.nih.gov/pubmed/24339796
https://doi.org/10.1073/pnas.242719399
http://www.ncbi.nlm.nih.gov/pubmed/12538859
https://doi.org/10.1038/ng1988
https://doi.org/10.1038/ng1988
http://www.ncbi.nlm.nih.gov/pubmed/17334366
https://doi.org/10.1016/s0027-5107(03)00010-1
https://doi.org/10.1016/s0027-5107(03)00010-1
http://www.ncbi.nlm.nih.gov/pubmed/12714177
https://doi.org/10.1371/journal.pone.0201304
https://doi.org/10.1371/journal.pone.0201304
http://www.ncbi.nlm.nih.gov/pubmed/30040856
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Kazachkova N, Ramos A, Santos C, Lima M. Mitochondrial DNA damage patterns and aging: revising
the evidences for humans and mice. Aging Dis. 2013; 4: 337-350. https://doi.org/10.14336/AD.2013.
0400337 PMID: 24307967

Boucret L, Bris C, Seegers V, Goudenége D, Desquiret-Dumas V, Domin-Bernhard M, et al. Deep
sequencing shows that oocytes are not prone to accumulate mtDNA heteroplasmic mutations during
ovarian ageing. Human Reproduction. 2017. pp. 2101-2109. https://doi.org/10.1093/humrep/dex268
PMID: 28938736

Zaidi AA, Wilton PR, Su MS-W, Paul IM, Arbeithuber B, Anthony K, et al. Bottleneck and selection in
the germline and maternal age influence transmission of mitochondrial DNA in human pedigrees. Proc
Natl Acad Sci U S A. 2019; 116: 25172—25178. https://doi.org/10.1073/pnas.1906331116 PMID:
31757848

Jenuth JP, Peterson AC, Fu K, Shoubridge EA. Random genetic drift in the female germline explains
the rapid segregation of mammalian mitochondrial DNA. Nat Genet. 1996; 14: 146—151. https://doi.
org/10.1038/ng1096-146 PMID: 8841183

Brown DT, Samuels DC, Michael EM, Turnbull DM, Chinnery PF. Random genetic drift determines the
level of mutant mtDNA in human primary oocytes. Am J Hum Genet. 2001; 68: 533-536. https://doi.
org/10.1086/318190 PMID: 11133360

Freyer C, Cree LM, Mourier A, Stewart JB, Koolmeister C, Milenkovic D, et al. Variation in germline
mtDNA heteroplasmy is determined prenatally but modified during subsequent transmission. Nat
Genet. 2012; 44: 1282—-1285. https://doi.org/10.1038/ng.2427 PMID: 23042113

Gigarel N, Hesters L, Samuels DC, Monnot S, Burlet P, Kerbrat V, et al. Poor correlations in the levels
of pathogenic mitochondrial DNA mutations in polar bodies versus oocytes and blastomeres in
humans. Am J Hum Genet. 2011; 88: 494—498. https://doi.org/10.1016/j.ajhg.2011.03.010 PMID:
21473984

Marchington DR, Hartshorne GM, Barlow D, Poulton J. Homopolymeric tract heteroplasmy in mtDNA
from tissues and single oocytes: support for a genetic bottleneck. Am J Hum Genet. 1997; 60: 408—
416. PMID: 9012414

Monnot S, Gigarel N, Samuels DC, Burlet P, Hesters L, Frydman N, et al. Segregation of mtDNA
throughout human embryofetal development: m.3243A>G as a model system. Hum Mutat. 2011; 32:
116-125. https://doi.org/10.1002/humu.21417 PMID: 21120938

Gianaroli L, Luiselli D, Crivello AM, Lang M, Ferraretti AP, De Fanti S, et al. Mitogenomes of polar bod-
ies and corresponding oocytes. PLoS ONE. 2014; 9: e102182. https://doi.org/10.1371/journal.pone.
0102182 PMID: 25032828

Ancora M, Orsini M, Colosimo A, Marcacci M, Russo V, De Santo M, et al. Complete sequence of
human mitochondrial DNA obtained by combining multiple displacement amplification and next-gener-
ation sequencing on a single oocyte. Mitochondrial DNA A DNA Mapp Seq Anal. 2017; 28: 180—181.
https://doi.org/10.3109/19401736.2015.1115499 PMID: 27159691

Zambelli F, Mertens J, Dziedzicka D, Sterckx J, Markouli C, Keller A, et al. Random Mutagenesis,
Clonal Events, and Embryonic or Somatic Origin Determine the mtDNA Variant Type and Load in
Human Pluripotent Stem Cells. Stem Cell Reports. 2018; 11: 102—114. https://doi.org/10.1016/j.
stemcr.2018.05.007 PMID: 29910126

Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JB, Loeb LA. Detection of ultra-rare mutations by
next-generation sequencing. Proc Natl Acad Sci U S A. 2012; 109: 14508—14513. https://doi.org/10.
1073/pnas.1208715109 PMID: 22853953

Ahn EH, Hirohata K, Kohrn BF, Fox EJ, Chang C-C, Loeb LA. Detection of Ultra-Rare Mitochondrial
Mutations in Breast Stem Cells by Duplex Sequencing. PLoS ONE. 2015. p. e0136216. https://doi.org/
10.1371/journal.pone.0136216 PMID: 26305705

Kennedy SR, Schmitt MW, Fox EJ, Kohrn BF, Salk JJ, Ahn EH, et al. Detecting ultralow-frequency
mutations by Duplex Sequencing. Nat Protoc. 2014; 9: 2586—-2606. https://doi.org/10.1038/nprot.
2014.170 PMID: 25299156

Santibanez-Koref M, Griffin H, Turnbull DM, Chinnery PF, Herbert M, Hudson G. Assessing mitochon-
drial heteroplasmy using next generation sequencing: A note of caution. Mitochondrion. 2018. https:/
doi.org/10.1016/j.mit0.2018.08.003 PMID: 30098421

Hazkani-Covo E, Zeller RM, Martin W. Molecular poltergeists: mitochondrial DNA copies (numts) in
sequenced nuclear genomes. PLoS Genet. 2010; 6: e1000834. https://doi.org/10.1371/journal.pgen.
1000834 PMID: 20168995

Stoler N, Arbeithuber B, Guiblet W, Makova KD, Nekrutenko A. Streamlined analysis of duplex
sequencing data with Du Novo. Genome Biol. 2016; 17: 180. https://doi.org/10.1186/s13059-016-
1039-4 PMID: 27566673

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 34/37


https://doi.org/10.14336/AD.2013.0400337
https://doi.org/10.14336/AD.2013.0400337
http://www.ncbi.nlm.nih.gov/pubmed/24307967
https://doi.org/10.1093/humrep/dex268
http://www.ncbi.nlm.nih.gov/pubmed/28938736
https://doi.org/10.1073/pnas.1906331116
http://www.ncbi.nlm.nih.gov/pubmed/31757848
https://doi.org/10.1038/ng1096-146
https://doi.org/10.1038/ng1096-146
http://www.ncbi.nlm.nih.gov/pubmed/8841183
https://doi.org/10.1086/318190
https://doi.org/10.1086/318190
http://www.ncbi.nlm.nih.gov/pubmed/11133360
https://doi.org/10.1038/ng.2427
http://www.ncbi.nlm.nih.gov/pubmed/23042113
https://doi.org/10.1016/j.ajhg.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21473984
http://www.ncbi.nlm.nih.gov/pubmed/9012414
https://doi.org/10.1002/humu.21417
http://www.ncbi.nlm.nih.gov/pubmed/21120938
https://doi.org/10.1371/journal.pone.0102182
https://doi.org/10.1371/journal.pone.0102182
http://www.ncbi.nlm.nih.gov/pubmed/25032828
https://doi.org/10.3109/19401736.2015.1115499
http://www.ncbi.nlm.nih.gov/pubmed/27159691
https://doi.org/10.1016/j.stemcr.2018.05.007
https://doi.org/10.1016/j.stemcr.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29910126
https://doi.org/10.1073/pnas.1208715109
https://doi.org/10.1073/pnas.1208715109
http://www.ncbi.nlm.nih.gov/pubmed/22853953
https://doi.org/10.1371/journal.pone.0136216
https://doi.org/10.1371/journal.pone.0136216
http://www.ncbi.nlm.nih.gov/pubmed/26305705
https://doi.org/10.1038/nprot.2014.170
https://doi.org/10.1038/nprot.2014.170
http://www.ncbi.nlm.nih.gov/pubmed/25299156
https://doi.org/10.1016/j.mito.2018.08.003
https://doi.org/10.1016/j.mito.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30098421
https://doi.org/10.1371/journal.pgen.1000834
https://doi.org/10.1371/journal.pgen.1000834
http://www.ncbi.nlm.nih.gov/pubmed/20168995
https://doi.org/10.1186/s13059-016-1039-4
https://doi.org/10.1186/s13059-016-1039-4
http://www.ncbi.nlm.nih.gov/pubmed/27566673
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Stoler N, Arbeithuber B, Povysil G, Heinzl M, Salazar R, Makova KD, et al. Family reunion via error
correction: an efficient analysis of duplex sequencing data. BMC Bioinformatics. 2020. https://doi.org/
10.1186/s12859-020-3419-8 PMID: 32131723

Li M, Schréder R, Ni S, Madea B, Stoneking M. Extensive tissue-related and allele-related mtDNA het-
eroplasmy suggests positive selection for somatic mutations. Proceedings of the National Academy of
Sciences. 2015. pp. 2491-2496. https://doi.org/10.1073/pnas.1419651112 PMID: 25675502

Kreutzer DA, Essigmann JM. Oxidized, deaminated cytosines are a source of C -> T transitions in
vivo. Proceedings of the National Academy of Sciences. 1998. pp. 3578-3582. https://doi.org/10.
1073/pnas.95.7.3578 PMID: 9520408

Lei L, Spradling AC. Mouse oocytes differentiate through organelle enrichment from sister cyst germ
cells. Science. 2016. pp. 95-99. https://doi.org/10.1126/science.aad2156 PMID: 26917595

Stewart JB, Chinnery PF. The dynamics of mitochondrial DNA heteroplasmy: implications for human
health and disease. Nat Rev Genet. 2015; 16: 530-542. https://doi.org/10.1038/nrg3966 PMID:
26281784

Millar CD, Dodd A, Anderson J, Gibb GC, Ritchie PA, Baroni C, et al. Mutation and Evolutionary Rates
in Adélie Penguins from the Antarctic. PLoS Genet. 2008; 4: €1000209. https://doi.org/10.1371/
journal.pgen.1000209 PMID: 18833304

Hendy MD, Woodhams MD, Dodd A. Modelling mitochondrial site polymorphisms to infer the number
of segregating units and mutation rate. Biol Lett. 2009; 5: 397—400. https://doi.org/10.1098/rsbl.2009.
0104 PMID: 19324622

Barrett A, Arbeithuber B, Zaidi AA, Wilton P, Paul IM, Nielsen R, et al. Pronounced somatic bottleneck
in mitochondrial DNA of human hair. Philosophical Transactions B. 2019. https://doi.org/10.1098/rstb.
2019-0175 PMID: 31787049

Hoekstra JG, Hipp MJ, Montine TJ, Kennedy SR. Mitochondrial DNA mutations increase in early stage
Alzheimer disease and are inconsistent with oxidative damage. Ann Neurol. 2016; 80: 301-306.
https://doi.org/10.1002/ana.24709 PMID: 27315116

Spelbrink JN, Toivonen JM, Hakkaart GA, Kurkela JM, Cooper HM, Lehtinen SK, et al. In vivo func-
tional analysis of the human mitochondrial DNA polymerase POLG expressed in cultured human cells.
J Biol Chem. 2000; 275: 24818-24828. https://doi.org/10.1074/jbc.M000559200 PMID: 10827171

Zheng W, Khrapko K, Coller HA, Thilly WG, Copeland WC. Origins of human mitochondrial point
mutations as DNA polymerase gamma-mediated errors. Mutat Res. 2006; 599: 11-20. https://doi.org/
10.1016/j.mrfmmm.2005.12.012 PMID: 16490220

Greaves LC, Nooteboom M, Elson JL, Tuppen HAL, Taylor GA, Commane DM, et al. Clonal expan-
sion of early to mid-life mitochondrial DNA point mutations drives mitochondrial dysfunction during
human ageing. PLoS Genet. 2014; 10: e1004620. https://doi.org/10.1371/journal.pgen.1004620
PMID: 25232829

Baines HL, Stewart JB, Stamp C, Zupanic A, Kirkwood TBL, Larsson N-G, et al. Similar patterns of
clonally expanded somatic mtDNA mutations in the colon of heterozygous mtDNA mutator mice and
ageing humans. Mech Ageing Dev. 2014; 139: 22-30. https://doi.org/10.1016/j.mad.2014.06.003
PMID: 24915468

Itsara LS, Kennedy SR, Fox EJ, Yu S, Hewitt JJ, Sanchez-Contreras M, et al. Oxidative Stress Is Not
a Major Contributor to Somatic Mitochondrial DNA Mutations. PLoS Genet. 2014. p. e1003974.
https://doi.org/10.1371/journal.pgen.1003974 PMID: 24516391

Kauppila JHK, Bonekamp NA, Mourier A, Isokallio MA, Just A, Kauppila TES, et al. Base-excision
repair deficiency alone or combined with increased oxidative stress does not increase mtDNA point
mutations in mice. Nucleic Acids Res. 2018; 46: 6642—-6669. https://doi.org/10.1093/nar/gky456
PMID: 29860357

Mechta M, Ingerslev LR, Fabre O, Picard M, Barrés R. Evidence Suggesting Absence of Mitochondrial
DNA Methylation. Front Genet. 2017; 8: 166. https://doi.org/10.3389/fgene.2017.00166 PMID:
29163634

Bellizzi D, D’Aquila P, Scafone T, Giordano M, Riso V, Riccio A, et al. The control region of mitochon-
drial DNA shows an unusual CpG and non-CpG methylation pattern. DNA Res. 2013; 20: 537-547.
https://doi.org/10.1093/dnares/dst029 PMID: 23804556

Pollack Y, Kasir J, Shemer R, Metzger S, Szyf M. Methylation pattern of mouse mitochondrial DNA.
Nucleic Acids Res. 1984; 12: 4811-4824. https://doi.org/10.1093/nar/12.12.4811 PMID: 6330684

LiuB,DuQ, ChenlL, FuG,LiS, FulL, etal. CpG methylation patterns of human mitochondrial DNA.
Sci Rep. 2016; 6: 23421. https://doi.org/10.1038/srep23421 PMID: 26996456

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 35/37


https://doi.org/10.1186/s12859-020-3419-8
https://doi.org/10.1186/s12859-020-3419-8
http://www.ncbi.nlm.nih.gov/pubmed/32131723
https://doi.org/10.1073/pnas.1419651112
http://www.ncbi.nlm.nih.gov/pubmed/25675502
https://doi.org/10.1073/pnas.95.7.3578
https://doi.org/10.1073/pnas.95.7.3578
http://www.ncbi.nlm.nih.gov/pubmed/9520408
https://doi.org/10.1126/science.aad2156
http://www.ncbi.nlm.nih.gov/pubmed/26917595
https://doi.org/10.1038/nrg3966
http://www.ncbi.nlm.nih.gov/pubmed/26281784
https://doi.org/10.1371/journal.pgen.1000209
https://doi.org/10.1371/journal.pgen.1000209
http://www.ncbi.nlm.nih.gov/pubmed/18833304
https://doi.org/10.1098/rsbl.2009.0104
https://doi.org/10.1098/rsbl.2009.0104
http://www.ncbi.nlm.nih.gov/pubmed/19324622
https://doi.org/10.1098/rstb.2019-0175
https://doi.org/10.1098/rstb.2019-0175
http://www.ncbi.nlm.nih.gov/pubmed/31787049
https://doi.org/10.1002/ana.24709
http://www.ncbi.nlm.nih.gov/pubmed/27315116
https://doi.org/10.1074/jbc.M000559200
http://www.ncbi.nlm.nih.gov/pubmed/10827171
https://doi.org/10.1016/j.mrfmmm.2005.12.012
https://doi.org/10.1016/j.mrfmmm.2005.12.012
http://www.ncbi.nlm.nih.gov/pubmed/16490220
https://doi.org/10.1371/journal.pgen.1004620
http://www.ncbi.nlm.nih.gov/pubmed/25232829
https://doi.org/10.1016/j.mad.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24915468
https://doi.org/10.1371/journal.pgen.1003974
http://www.ncbi.nlm.nih.gov/pubmed/24516391
https://doi.org/10.1093/nar/gky456
http://www.ncbi.nlm.nih.gov/pubmed/29860357
https://doi.org/10.3389/fgene.2017.00166
http://www.ncbi.nlm.nih.gov/pubmed/29163634
https://doi.org/10.1093/dnares/dst029
http://www.ncbi.nlm.nih.gov/pubmed/23804556
https://doi.org/10.1093/nar/12.12.4811
http://www.ncbi.nlm.nih.gov/pubmed/6330684
https://doi.org/10.1038/srep23421
http://www.ncbi.nlm.nih.gov/pubmed/26996456
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Fan L-H, Wang Z-B, Li Q-N, Meng T-G, Dong M-Z, Hou Y, et al. Absence of mitochondrial DNA meth-
ylation in mouse oocyte maturation, aging and early embryo development. Biochem Biophys Res
Commun. 2019; 513: 912-918. https://doi.org/10.1016/j.bbrc.2019.04.100 PMID: 31005257

Patil V, Cuenin C, Chung F, Rodriguez Aguilera JR, Fernandez-Jimenez N, Romero-Garmendia |,
et al. Human mitochondrial DNA is extensively methylated in a non-CpG context. Nucleic Acids
Research. 2019. pp. 10072—-10085. https://doi.org/10.1093/nar/gkz762 PMID: 31665742

Alseth |, Dalhus B, Bjgras M. Inosine in DNA and RNA. Current Opinion in Genetics & Development.
2014. pp. 116-123. https://doi.org/10.1016/j.gde.2014.07.008 PMID: 25173738

Ju YS, Alexandrov LB, Gerstung M, Martincorena |, Nik-Zainal S, Ramakrishna M, et al. Origins and
functional consequences of somatic mitochondrial DNA mutations in human cancer. Elife. 2014; 3.
https://doi.org/10.7554/eLife.02935 PMID: 25271376

Falkenberg M. Mitochondrial DNA replication in mammalian cells: overview of the pathway. Essays
Biochem. 2018; 62: 287—296. https://doi.org/10.1042/EBC20170100 PMID: 29880722

Bogenhagen DF. Repair of mtDNA in vertebrates. Am J Hum Genet. 1999; 64: 1276—1281. https://doi.
org/10.1086/302392 PMID: 10205257

Dianov GL, Souza-Pinto N, Nyaga SG, Thybo T, Stevnsner T, Bohr VA. Base excision repair in
nuclear and mitochondrial DNA. Prog Nucleic Acid Res Mol Biol. 2001; 68: 285-297. https://doi.org/
10.1016/s0079-6603(01)68107-8 PMID: 11554304

Mason PA, Lightowlers RN. Why do mammalian mitochondria possess a mismatch repair activity?
FEBS Lett. 2003; 554: 6-9. https://doi.org/10.1016/s0014-5793(03)01169-4 PMID: 14596905

Clayton DA, Doda JN, Friedberg EC. The absence of a pyrimidine dimer repair mechanism in mamma-
lian mitochondria. Proc Natl Acad Sci U S A. 1974; 71: 2777-2781. https://doi.org/10.1073/pnas.71.7.
2777 PMID: 4212385

Szczesny B, Tann AW, Longley MJ, Copeland WC, Mitra S. Long Patch Base Excision Repair in Mam-
malian Mitochondrial Genomes. Journal of Biological Chemistry. 2008. pp. 26349-26356. https://doi.
org/10.1074/jbc.M803491200 PMID: 18635552

Anderson AP, Luo X, Russell W, Yin YW. Oxidative damage diminishes mitochondrial DNA polymer-
ase replication fidelity. Nucleic Acids Res. 2020; 48: 817-829. https://doi.org/10.1093/nar/gkz1018
PMID: 31799610

Kukat C, Wurm CA, Spahr H, Falkenberg M, Larsson N-G, Jakobs S. Super-resolution microscopy
reveals that mammalian mitochondrial nucleoids have a uniform size and frequently contain a single
copy of mtDNA. Proc Natl Acad Sci U S A. 2011; 108: 13534—13539. https://doi.org/10.1073/pnas.
1109263108 PMID: 21808029

Morris J, Na Y-J, Zhu H, Lee J-H, Giang H, Ulyanova AV, et al. Pervasive within-Mitochondrion Single-
Nucleotide Variant Heteroplasmy as Revealed by Single-Mitochondrion Sequencing. Cell Rep. 2017;
21:2706—-2713. https://doi.org/10.1016/j.celrep.2017.11.031 PMID: 29212019

Shtolz N, Mishmar D. The Mitochondrial Genome—on Selective Constraints and Signatures at the
Organism, Cell, and Single Mitochondrion Levels. Frontiers in Ecology and Evolution. 2019. https://
doi.org/10.3389/fevo.2019.00342

Poulton J, Chiaratti MR, Meirelles FV, Kennedy S, Wells D, Holt IJ. Transmission of mitochondrial
DNA diseases and ways to prevent them. PLoS Genet. 2010; 6. https://doi.org/10.1371/journal.pgen.
1001066 PMID: 20711358

Ma H, Hayama T, Van Dyken C, Darby H, Koski A, Lee Y, et al. Deleterious mtDNA Mutations are
Common in Mature Oocytes. Biol Reprod. 2019. https://doi.org/10.1093/biolre/ioz202 PMID:
31621839

Li M, Rothwell R, Vermaat M, Wachsmuth M, Schrdder R, Laros JFJ, et al. Transmission of human
mtDNA heteroplasmy in the Genome of the Netherlands families: support for a variable-size bottle-
neck. Genome Res. 2016; 26: 417—426. https://doi.org/10.1101/gr.203216.115 PMID: 26916109

Burgstaller JP, Kolbe T, Havlicek V, Hembach S, Poulton J, Pidlek J, et al. Large-scale genetic analy-
sis reveals mammalian mtDNA heteroplasmy dynamics and variance increase through lifetimes and
generations. Nat Commun. 2018; 9: 2488. https://doi.org/10.1038/s41467-018-04797-2 PMID:
29950599

Edgar D, Shabalina |, Camara Y, Wredenberg A, Calvaruso MA, Nijtmans L, et al. Random Point
Mutations with Major Effects on Protein-Coding Genes Are the Driving Force behind Premature Aging
in mtDNA Mutator Mice. Cell Metabolism. 2009. pp. 131-138. https://doi.org/10.1016/j.cmet.2009.06.
010 PMID: 19656491

Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE, et al. Premature age-
ing in mice expressing defective mitochondrial DNA polymerase. Nature. 2004; 429: 417—423. https://
doi.org/10.1038/nature02517 PMID: 15164064

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 36/37


https://doi.org/10.1016/j.bbrc.2019.04.100
http://www.ncbi.nlm.nih.gov/pubmed/31005257
https://doi.org/10.1093/nar/gkz762
http://www.ncbi.nlm.nih.gov/pubmed/31665742
https://doi.org/10.1016/j.gde.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25173738
https://doi.org/10.7554/eLife.02935
http://www.ncbi.nlm.nih.gov/pubmed/25271376
https://doi.org/10.1042/EBC20170100
http://www.ncbi.nlm.nih.gov/pubmed/29880722
https://doi.org/10.1086/302392
https://doi.org/10.1086/302392
http://www.ncbi.nlm.nih.gov/pubmed/10205257
https://doi.org/10.1016/s0079-6603(01)68107-8
https://doi.org/10.1016/s0079-6603(01)68107-8
http://www.ncbi.nlm.nih.gov/pubmed/11554304
https://doi.org/10.1016/s0014-5793(03)01169-4
http://www.ncbi.nlm.nih.gov/pubmed/14596905
https://doi.org/10.1073/pnas.71.7.2777
https://doi.org/10.1073/pnas.71.7.2777
http://www.ncbi.nlm.nih.gov/pubmed/4212385
https://doi.org/10.1074/jbc.M803491200
https://doi.org/10.1074/jbc.M803491200
http://www.ncbi.nlm.nih.gov/pubmed/18635552
https://doi.org/10.1093/nar/gkz1018
http://www.ncbi.nlm.nih.gov/pubmed/31799610
https://doi.org/10.1073/pnas.1109263108
https://doi.org/10.1073/pnas.1109263108
http://www.ncbi.nlm.nih.gov/pubmed/21808029
https://doi.org/10.1016/j.celrep.2017.11.031
http://www.ncbi.nlm.nih.gov/pubmed/29212019
https://doi.org/10.3389/fevo.2019.00342
https://doi.org/10.3389/fevo.2019.00342
https://doi.org/10.1371/journal.pgen.1001066
https://doi.org/10.1371/journal.pgen.1001066
http://www.ncbi.nlm.nih.gov/pubmed/20711358
https://doi.org/10.1093/biolre/ioz202
http://www.ncbi.nlm.nih.gov/pubmed/31621839
https://doi.org/10.1101/gr.203216.115
http://www.ncbi.nlm.nih.gov/pubmed/26916109
https://doi.org/10.1038/s41467-018-04797-2
http://www.ncbi.nlm.nih.gov/pubmed/29950599
https://doi.org/10.1016/j.cmet.2009.06.010
https://doi.org/10.1016/j.cmet.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19656491
https://doi.org/10.1038/nature02517
https://doi.org/10.1038/nature02517
http://www.ncbi.nlm.nih.gov/pubmed/15164064
https://doi.org/10.1371/journal.pbio.3000745

PLOS BIOLOGY

Age-related accumulation of de novo mutations in mammals

91.

92,

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Zhang H, Burr SP, Chinnery PF. The mitochondrial DNA genetic bottleneck: inheritance and beyond.
Essays Biochem. 2018; 62: 225-234. https://doi.org/10.1042/EBC20170096 PMID: 29880721

Jayaprakash AD, Benson EK, Gone S, Liang R, Shim J, Lambertini L, et al. Stable heteroplasmy at
the single-cell level is facilitated by intercellular exchange of mtDNA. Nucleic Acids Res. 2015; 43:
2177-2187. https://doi.org/10.1093/nar/gkv052 PMID: 25653158

Jee J, Rasouly A, Shamovsky I, Akivis Y, Steinman SR, Mishra B, et al. Rates and mechanisms of
bacterial mutagenesis from maximum-depth sequencing. Nature. 2016; 534: 693—-696. https://doi.org/
10.1038/nature 18313 PMID: 27338792

Jacobs L, Gerards M, Chinnery P, Dumoulin J, de Coo |, Geraedts J, et al. mtDNA point mutations are
present at various levels of heteroplasmy in human oocytes. Mol Hum Reprod. 2007; 13: 149-154.
https://doi.org/10.1093/molehr/gal112 PMID: 17259224

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D, Cech M, et al. The Galaxy platform for accessi-
ble, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018; 46:
W537-W544. https://doi.org/10.1093/nar/gky379 PMID: 29790989

Thrash A, Arick M, Peterson DG. Quack: A quality assurance tool for high throughput sequence data.
Anal Biochem. 2018; 548: 38—43. https://doi.org/10.1016/j.ab.2018.01.028 PMID: 29410015

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinfor-
matics. 2014. pp. 2114-2120. https://doi.org/10.1093/bioinformatics/btu170 PMID: 24695404

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2009; 25: 1754—1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Calabrese FM, Simone D, Attimonelli M. Primates and mouse NumtS in the UCSC Genome Browser.
BMC Bioinformatics. 2012. p. S15. https://doi.org/10.1186/1471-2105-13-s4-s15 PMID: 22536961

Jun G, Wing MK, Abecasis GR, Kang HM. An efficient and scalable analysis framework for variant
extraction and refinement from population-scale DNA sequence data. Genome Research. 2015. pp.
918-925. https://doi.org/10.1101/gr.176552.114 PMID: 25883319

Barnett DW, Garrison EK, Quinlan AR, Stromberg MP, Marth GT. BamTools: a C API and toolkit for
analyzing and managing BAM files. Bioinformatics. 2011. pp. 1691-1692. https://doi.org/10.1093/
bioinformatics/btr174 PMID: 21493652

Blankenberg D, Von Kuster G, Bouvier E, Baker D, Afgan E, Stoler N, et al. Dissemination of scientific
software with Galaxy ToolShed. Genome Biol. 2014; 15: 4083. https://doi.org/10.1186/gb4161 PMID:
25001293

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J Mol Biol.
1990; 215: 403—410. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

Nakagawa S, Schielzeth H. A general and simple method for obtainingR2from generalized linear
mixed-effects models. Methods in Ecology and Evolution. 2013. pp. 133—-142. https://doi.org/10.1111/
j-2041-210x.2012.00261.x

Nei M, Gojobori T. Simple methods for estimating the numbers of synonymous and nonsynonymous
nucleotide substitutions. Mol Biol Evol. 1986; 3: 418—426. https://doi.org/10.1093/oxfordjournals.
molbev.a040410 PMID: 3444411

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society: Series B (Methodological). 1995. pp. 289—
300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000745  July 15, 2020 37/37


https://doi.org/10.1042/EBC20170096
http://www.ncbi.nlm.nih.gov/pubmed/29880721
https://doi.org/10.1093/nar/gkv052
http://www.ncbi.nlm.nih.gov/pubmed/25653158
https://doi.org/10.1038/nature18313
https://doi.org/10.1038/nature18313
http://www.ncbi.nlm.nih.gov/pubmed/27338792
https://doi.org/10.1093/molehr/gal112
http://www.ncbi.nlm.nih.gov/pubmed/17259224
https://doi.org/10.1093/nar/gky379
http://www.ncbi.nlm.nih.gov/pubmed/29790989
https://doi.org/10.1016/j.ab.2018.01.028
http://www.ncbi.nlm.nih.gov/pubmed/29410015
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1186/1471-2105-13-s4-s15
http://www.ncbi.nlm.nih.gov/pubmed/22536961
https://doi.org/10.1101/gr.176552.114
http://www.ncbi.nlm.nih.gov/pubmed/25883319
https://doi.org/10.1093/bioinformatics/btr174
https://doi.org/10.1093/bioinformatics/btr174
http://www.ncbi.nlm.nih.gov/pubmed/21493652
https://doi.org/10.1186/gb4161
http://www.ncbi.nlm.nih.gov/pubmed/25001293
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1093/oxfordjournals.molbev.a040410
https://doi.org/10.1093/oxfordjournals.molbev.a040410
http://www.ncbi.nlm.nih.gov/pubmed/3444411
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1371/journal.pbio.3000745

